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Two types (CN66, CN71) of high interstitial stainless steels (HISSs) were investigated for 
down-hole application in sour gas well environments. Experiments were designed to identify 
factors that have a significant effect on mechanical properties. The three factors examined in the 
study were carbon + nitrogen content (0.66 or 0.71 mass %), cooling rate in quenching (air or 
water), and heat treatment time (2 or 4 hours). The results showed that the cooling rate, C+N 
content, and the two-factor interaction of these variables have a significant effect on the 
mechanical properties of HISSs. 
Based on the statistical analysis results on mechanical properties, extensive analyses were 
undertaken to understand the strengthening mechanisms of HISSs. Microstructure analysis 
revealed that a pearlite phase with a high carbide and/or nitride content is dissolved in the matrix 
by heat treatment at 1,200 ºC which is considered the dissolution to increase the concentration of 
interstitial elements in steels. The distribution of elements in HISSs was investigated by 
quantitative mapping using EPMA, which showed that the high carbon concentration 
(carbide/cementite) area was decreased by increases in both the cooling rate and C+N content. The 
ferrite volume fraction of each specimen is increased by an increase in cooling rate, because there 
is insufficient time to form austenite from retained ferrite. 
The lattice expansion of HISSs was investigated by the calculation of lattice parameters 
under various conditions, and these investigations confirm the solid solution strengthening effect 
on HISSs. CN66 with heat treatment at fast cooling has the highest wear resistance; a finding that 
was consistent with hardening mechanisms that occur due to an increased ferrite volume fraction. 
In addition, precipitates on the surface and the chemical bonding of chromium were investigated. 
As the amount of CrN bonding increased, the wear resistance also increased. 
This study also assessed the corrosion resistance properties of HISSs and shows that the 
alloys developed in the present study effectively resist attack by sour acid gas and salt water by 
immersion tests using sour-brine environment and salt water. In addition, electrochemical 
polarization tests show that the corrosion pitting potential of the heat treated HISSs in sodium 
chloride solution is the highest among the benchmark alloys. This result shows that this alloy 
resists corrosion well under the high temperature and high pressure conditions in the presence of 
high-pressure H2S and CO2 sour gas well environments. 
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CHAPTER 1  INTRODUCTION 
 
1.1 Project Background and Research Objectives 
 
In recent years, petroleum drilling operations have been conducted under severe conditions, 
such as those present in sour gas wells, which contain significant amounts of hydrogen sulfide 
(H2S) and carbon dioxide (CO2). This is a consequence of the depletion of petroleum resources 
and wells getting deeper. About 40% of these remaining gas reserves are in the form of sour gas, 
and the importance of developing these sour gas wells has increased. Middle Eastern producers 
have been forced to tap reservoirs with increasing sulfur contents, and the Qatar North Gas Field 
and the United Arab Emirates Shah Development are examples of projects to develop such 
reservoirs. 
Hydrogen sulfide and carbon dioxide are particularly problematic, as these gases are highly 
corrosive. Corrosion may manifest itself gradually, but it causes catastrophic failure of many 
materials. For example, hydrogen sulfide encourages environmental assisted cracking, such as 
stress corrosion cracking and hydrogen embrittlement. This can cause premature failure through 
an interconnected network of destructive cracks that rapidly spread through otherwise unaffected 
metal. Metals which undergo such an attack can fail much more rapidly than metals that are 
subjected to more common, uniform corrosion. 
Development of sour gas wells consists of several processes which are exploration and 
extraction of oil, sweetening, reinjection and safety. In these processes, drilling is used for the 
exploration and extraction of oil, and is considered one of the most important technologies. The 
selection of material for drilling technology is also an important factor to develop, because of the 
severe corrosive nature of this development. The development of material for gas wells in these 
environments presents a number of challenges in obtaining superior corrosion resistance with 
excellent mechanical performance. 
Drilling sour-gas wells is particularly challenging, because a number of metal degradation 
processes operate simultaneously. Components in contact with the formation are subjected to 
severe abrasion. This process rapidly removes the protective metal surface films, which impart 
important passivity in a corrosive environment. As a consequence, metal degradation can occur 
rapidly if the materials are not suitable for this demanding environment. 
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Among drilling parts, the drill collar is one of most important part. This part is present on 
the upper side of a drill bit in order to load the drill bit, which enhances the drilling efficiency. The 
material for these drill collars should satisfy several requirements. Particularly, the material should 
not be magnetic because it is in contact with electronic devices. As described above, this part is 
subjected to severe abrasion in sour environments; sour corrosion resistance, such as pitting 
corrosion resistance (Samuel 2007), must include superior mechanical properties like wear, 
strength, ductility for fabrication, and reliability over the material’s life. 
Fe-Cr-Ni alloys have previously been used as down-hole applications. These conventional 
alloys have problems, such as low pitting corrosion resistance and limited mechanical 
performance, as well as the costs of high nickel-bearing alloys in sour gas environments (Fourie 
and Bentley 1992). Fe-Cr-Mn based stainless steels with interstitially alloyed nitrogen instead of 
nickel have driven interest, because of the noticeable mechanical and corrosion-resistance 
properties of the nitrogen steels (Feichtinger and Zheng 1990; Stein, Hucklenbroich et al. 1999). 
According to previous research on alloying nitrogen atoms in austenite, nitrogen atoms 
increase the concentration of free electrons, which enhances the metallic interaction, and was 
revealed through a number of methods, including conduction electron spin resonance (CESR) and 
Mössbauer spectroscopy. These studies showed that the nitrogen increases thermodynamic 
stability of the austenite phase and contributes to short-range atomic ordering in a wide range of 
Fe-Cr-Ni alloys. Consequently, the increased metallic bonding improves the solid solution of 
nitrogen occurring in short-range atomic ordering, whereas carbon increases localized electrons 
(those confined to the parent atom), enhancing the covalent bonding that results from chemical 
compositions. Short-range ordering is well known for contributing to the distribution of alloying 
elements such as chromium, and improves corrosion properties, including sensitization of steels 
(Balachandran 2004). In addition, interstitially alloyed elements and lattice distortion can impede 
the movement of dislocation, and it becomes difficult to detach the dislocation from the solid 
solution atom, which pins the dislocation. Consequently, this distortion improves the mechanical 
properties of nitrogen steel. (Joachim Roesler 2007). 
Despite the promising properties of nitrogen stainless steels, nitrogen has a low solubility 
in iron. In fact, alloying steel with nitrogen at that time was a very demanding process, because of 
the high-pressure furnaces needed (Feichtinger and Zheng 1990; Stein, Hucklenbroich et al. 1999), 
in addition to the difficulty in controlling the nitrogen content in the steels (Simmons 1996). 
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As part of increasing nitrogen content in steels, adding carbon with Fe-Cr-Mn-N is 
considered to be a new method for the production of high nitrogen steels. Carbon generally 
decreases the solubility of nitrogen in steels(Stein, Hucklenbroich et al. 1999), but in recent 
research work, it was found that the addition of carbon can help to resist the loss of nitrogen by 
the formation of delta ferrite during solidification. This research has shown that carbon and 
nitrogen may play a synergistic role together, which can result in increased strengthening, 
combined with enhanced resistance to pitting corrosion (Speidel and Pedrazzolli 1996; Berns, 
Gavriljuk et al. 2013). The mechanisms of strengthening and corrosion resistance due to the 
stacking fault energy and short-range ordering have been found by many researchers, but the study 
of those mechanisms due to interstitial elements distribution and the effect of lattice distortion are 
not currently occurring. 
The objective of the present study is to assess the application of a new class of materials, 
high carbon and nitrogen austenitic stainless steels, for the aggressive down-hole environment in 
sour gas wells. First, it focuses on production and characterization of the steels. Next, 
strengthening effects and those mechanisms underlying science in the mechanical properties were 
investigated. Crystal structure analysis and interstitial element mapping were conducted to find the 
effect of lattice distortion and distribution of carbon and nitrogen. In addition, the corrosion 
properties and mechanical properties of these alloys under down-hole sour-gas well conditions 




CHAPTER 2 BACKGROUND AND LITERATURE REVIEW 
 
2.1 Drill Collar Materials 
 
Drill Collars in Drilling Technology 
 
Development of sour gas wells consists of several parts, including the exploration and 
extraction of oil, sweetening, reinjection, and safety. Drilling is essential to the process of 
exploration and extraction of oil. And when drilling, the drill collar is one of the most important 
and essential components in the drill string, which serves multiple functions. 
Drill collars maintain weight on the bit during drilling operations and serve to minimize 
fatigue by keeping the drill pipe in tension (Craig 1984). Drill collars provide bending strength to 
the drill string unit (Samuel 2007). Figure 2.1 shows a schematic of the bottom end assembly of a 








Figure 2.1. Assembly of the bottom end portion of a drill string, consisting of drill pipe, drill 
collar, and a drill bit.(Craig 1984) 
 
Requirements of Drill Collar Materials for Sour Gas Environments 
 
Use of geo-technical tools and electronic sensing devices in the drill string has driven the 
demand for non-magnetic drill collars. Among the alloys used for non-magnetic drill collars, high-
nickel alloys (such as Monel K500) and traditional low-carbon stainless steels (e.g., type 316L) 
have been most widely used. Many non-magnetic drill collars on the market today are low nickel, 
nitrogen-enhanced austenitic stainless steels (e.g. P550, P530). The low-nickel non-magnetic drill 
collar alloys currently available contain a wide range of chromium levels (13-21 wt. pct.) and high 
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levels of manganese (18-23 wt. pct.) with nickel levels no higher than 3.0 wt. pct. Nitrogen 
contents between 0.20 and 0.80 wt. pct. help provide these materials with the strength and 
corrosion resistance that is required of these drill collars. Carbon levels in these alloys are no higher 
than 0.10 wt. pct and are usually specified to contain a maximum of 0.05 wt. pct carbon to improve 
resistance to stress corrosion cracking (SCC) when in chloride-rich drilling fluids (Craig). Duplex 
stainless steels (e.g. DSS2507) are used in the magnetic drill collar market, due to its superior 
mechanical and corrosion properties. 
Drill string components are subjected to a wide variety of corrosive fluids, including sea 
water, carbon dioxide gas, and “sour” oil streams that are rich in hydrogen sulfides. Stainless steels 
typically fare well against overall corrosion in such environments, but show severe susceptibility 
to localized corrosion issues. Pitting corrosion is a particular concern, because any pits formed in 
the drill collar act as stress risers that compromise the overall strength and pressure tolerance of 
the drill string (Samuel). 
 
2.2 High Nitrogen Stainless Steels 
 
The design of stainless steels generally has the improvement of mechanical properties as a 
final goal. Austenitic stainless steel has excellent ductility and good corrosion resistance, but these 
steels still have insufficient ultimate tensile strength, yield strength, and hardness related to wear 
resistance. This possible strengthening mechanism is only the interstitial solid solution 
strengthening, because the substitution solid solution or precipitates do not have enough 
strengthening effects or tend to have worse corrosive properties (Gavriljuk, Shanina et al. 2008). 
The melting of nitrogen steels for scientific purposes goes back to the first half of the last 
century. J.H. Andrew studied nitrogen steels and produced by pressure melting arc furnace with 
100 MPa N2 gas in 1912. His study showed that the nitrogen has strong effects on mechanical 
properties as a stabilizer of the austenite phase (Andrew 1912; Feichtinger and Zheng 1990; 
Biancaniello, Jiggetts et al. 1999; Rawers and Lillo 1999; Stein, Hucklenbroich et al. 1999). The 
development of nitrogen steels introduced to industry starting in the eighties(Andrew 1912; Rapatz 
1941; Stein, Menzel et al. 1989) and was the first successful step in the interstitial solid solution 
strengthening of austenitic stainless steels. The effect of alloying with nitrogen were widely 
studied with the development of Hadfield steels used in railroad applications, and nickel deficiency 
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and its overall price instability during the Second World War were a big incentive to develop 
nitrogen steel as a substitute for nickel (Andrew 1912; Byrnes, Grujicic et al. 1987). 
Alloying with nitrogen has several advantages over alloying with carbon and nickel: 
 
(1) Nitrogen is a strong austenite stabilizer (Werner 1988). 
(2) Nitrogen is a more effective solid solution strengthener than carbon and has an ability to 
decrease grain size (Byrnes, Grujicic et al. 1987; Werner 1988). 
(3) Nitrogen decreases the tendency for precipitation at a given level of strengthening and 
enhances pitting corrosion resistance (Kikuchi, Kajihara et al. 1988). 
 
Previous studies have focused on the enhanced mechanical properties through the solid 
solution strengthening of alloying with nitrogen. Byrnes et al. (Byrnes, Grujicic et al. 1987) also 
studied the nitrogen alloying effect on a high alloy stainless steel and found that nitrogen increases 
the shear and elastic modulus of the high alloy stainless steel. Stein and Menzel (Stein and Menzel 
1992) investigated the mechanical properties of high nitrogen Fe-Cr-Mn alloys; they found that 
nitrogen has a strong effect on increasing the tensile strength of these alloys. Rawers et al. (Rawers, 
G. Asai et al. 1994) alloyed 201 stainless steel with nitrogen up to 2.54 wt. % and found that the 
maximum solubility of nitrogen in 201 stainless steel is 1.25 wt. %. The increase of nitrogen 
content up to this limit significantly increases the tensile properties of the alloy. 
Nitrogen alloying is found to have a beneficial effect on both sliding and abrasive wear. 
Campillo and Sarkar (Campillo and Sarkar 1986) studied the dry sliding wear of nitrogen-alloyed 
Fe-Cr-Ni and Fe-Cr-Mn steels. They found that the alloyed steels show a high amount of running-
in wear, but that the steady state wear decreases with increasing nitrogen content. Austenitic 
nitrogen alloyed steels were analyzed by Tervo (Tervo 1999) using pin-on-disk tests. Tervo also 
mentioned that nitrogen alloying of austenitic stainless steel improves the wear resistance by 
increasing their hardness and enhancing strain hardening. 
In addition to improvements in mechanical properties, nitrogen alloying improves 
localized corrosion resistance. Countless studies reported the beneficial effect of nitrogen on 
intergranular, pitting, and crevice corrosion (Raj and Kamachi Mudali). 
Despite these promising properties of nitrogen stainless steels, the development of these 
types of materials has faced engineering difficulties because of the limited solubility of nitrogen 
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in iron. The solubility of nitrogen in austenite is higher than in any other phases such as ferrite, 
martensite, and others. Thus, nitrogen assists the phase stability of austenite phase in iron and 
enhances the mechanical properties of steels by interstitial solid solution strengthening. However, 
a special manufacturing route is required to introduce the dissolution of nitrogen in iron. For 
manufacturing these types of steels, melting and solidification requires a high-pressure melting 
process (e.g. PESR) as well as solid-state nitriding of steel powder followed by hot compaction, 
such as in powder metallurgy (Berns, Gavriljuk et al. 2013), and these processes can all increase 
the cost of manufacturing of nitrogen alloyed steels. In addition, the ductility and toughness of 
austenitic nitrogen steels decreases at nitrogen contents above 0.7–0.8 wt. %. These two problems 
limit the use of high nitrogen steels, as well as the recent development of austenitic steels with 
high ductility properties that is producible at normal air pressure without costly processes. 
 
2.3 The Effect of Carbon and Nitrogen on Austenitic Stainless Steel 
 
Carbon and Nitrogen Solubility in Austenitic Stainless Steel 
 
The solubility of nitrogen in steel is 0.045 wt. % at 1600 °C and atmospheric pressure, and 
this low solubility is a major obstacle in producing high nitrogen steels (Anne H. Satir-Kolorz and 
Feichtinger 1991). Austenitic stainless steels prefer to alloy with nitrogen than ferritic alloys, 
because the solubility of nitrogen is higher in the face-centered cubic (fcc), austenite phase than 
the body-centered cubic (bcc), ferrite phase. The higher nitrogen solubility in austenite is due to 
larger octahedral sites available in the fcc lattice. Figure 2.2 shows the increased solubility of 
nitrogen in austenite, as compared to the bcc structures of alpha and delta ferrite. Austenite at 25 
oC (77 oF) in air at standard atmospheric pressure of 101 kPa (1.0 atm) will hold about 0.4 wt. pct. 






















Figure 2.2. Solubility of nitrogen (wt. pct.) in iron at 1 atmosphere pressure as it varies with 




Figure 2.3. Nitrogen solubility in liquid Fe-based alloys at 1600°C as a function of nitrogen-
gas pressure (Anne H. Satir-Kolorz and Feichtinger 1991) 
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To get high nitrogen content in austenitic steels, Sieverts’ law offers a good approximation 
of solubility of nitrogen in liquid iron. According to this study, nitrogen solubility is proportional 
to the square root of the nitrogen gas pressure over the molten iron bath (Anne H. Satir-Kolorz and 
Feichtinger 1991). For this reason, much of the work in the development of high nitrogen steel has 
been used for achieving high nitrogen concentrations through methods such as elevating nitrogen 
gas pressures. 
The addition of Cr and Mn increases the solubility of nitrogen in steels, while the solubility 
of Ni reduces. Figure 2.3 illustrates the solubility of nitrogen in Fe-Cr-Ni, Fe-Cr-Mn, and Fe 




Figure 2.4. Effect of alloying elements on nitrogen solubility in liquid iron at 1600 ºC 
normalized by the effect of chromium (Anne H. Satir-Kolorz and Feichtinger 1991) 




Figure 2.4 shows the effects of alloy additions on nitrogen solubility in iron at 1600°C, 
normalized to the effect of Cr. Ti, Zr, V, and Nb all have a greater positive influence on nitrogen 
solubility in the liquid, but also have a strong tendency to form nitrides and are not suitable 
additions when aiming for precipitate-free alloys. Chromium is not only the most important 
alloying element in stainless steels, due to its corrosion resistance, but also significantly increases 
nitrogen solubility in liquid iron alloys with a lesser tendency for nitride formation in the solid 
state, as compared to Ti, Zr, V, and Nb. Nickel is an important alloying element in austenitic 
stainless steels for the stability of austenite phase, but its negative influence on nitrogen solubility 
has led to reductions in its levels in most high-nitrogen alloys. Manganese is extensively used in 
many high-nitrogen stainless steels to increase nitrogen solubility, but inclusions made by adding 
manganese, such as MnS, can cause corrosion problems (Park, Suter et al. 2003). Therefore, air 
casting of high nitrogen steel requires limitations of various elements, and the processing pressure 
of nitrogen should be considered to obtain steels with a high concentration of nitrogen. 
As a part of a consideration for increasing nitrogen content in steels, adding carbon with 
Fe-Cr-Mn-N is considered to be a new method for producing high nitrogen steels. While carbon 
generally decreases the solubility of nitrogen in steels (Anne H. Satir-Kolorz and Feichtinger 1991), 
recent studies have shown that the addition of carbon resists the loss of nitrogen content through 
delta ferrite formed during solidification. 
Figure 2.5 shows the calculated nitrogen solubility of Fe-Cr-Mn steels without carbon and 
those with 0.4 wt. % carbon under 1bar N2 pressure. In the case of Fe-Cr-Mn steel without carbon, 
the solubility at 1600°C is 0.4 wt. % and higher than that of Fe-Cr-Mn steel with carbon as 0.3 
wt.% of nitrogen. The temperature range of 1450–1350 ºC shows a drastic decrease in nitrogen 
solubility of the steel with no nitrogen, and the addition of carbon is expected to reduce the content 
of delta ferrite formation during solidification. The effect of fending off delta ferrite due to carbon 
+ nitrogen content is confirmed thermodynamically by calculated phase diagrams, as shown in 
Figure 2.6 This figure shows that partial replacement of nitrogen by carbon is quite effective in 
fending off delta ferrite and allows expansion of the area of the austenite phase.(Berns, Gavriljuk 





















Figure 2.5.  Calculated nitrogen solubility in Fe-Cr-Mn steels in steel that contains 0.4 wt.% of 





Figure 2.6.  Isoplethal phase diagram of Fe-18Cr-18Mn in dependence of (a) Carbon content; (b) 
Nitrogen content; (c) C +N content at constant C/N = 0.6; (d) C content at constant 
N = 0.6 mass %, i.e. with an increasing C/N. (Shaded area = homogeneous 





Austenite Phase Stability by Addition of Carbon and Nitrogen 
 
To create a fully austenitic alloy, practical methods based on empirical maps have been 
developed that indicate the amount and types of phases in the microstructure as a function of alloy 
chemical composition. A Schaeffler diagram (Schaeffler) was used to predict phase fraction and 
chemical composition in this research and was one of the first to propose an empirical diagram in 
which alloying elements were divided into nickel and chromium equivalent values, which 
quantified the effect of the austenite and ferrite stabilizers. 
 Although many early researchers have studied this area, their work might not be applicable 
to all types of steels. Delong et al.(Delong 1956) modified the formula for the nickel equivalent 
concentration by including nitrogen content, and applied the results of analytical experiments to 
predict delta ferrite content in the composition range. Hull (Hull) examined more complex 
austenitic alloys by adding additional elements to the equivalent expressions and modifying the 
coefficients of those elements. Hull studied the ferrite forming tendency of manganese in 
concentrations over 10 wt. pct. and modified the manganese coefficient to reflect this result. Other 
researchers have varied the coefficient values for each element to more precisely predict phase 
stabilities for specific alloy systems, especially for welding methods. Many publications apply and 
identify the applicability of such methods (Saller, Bernauer et al. 2004).  
 
 Ni equiv. = %Ni + 30%C + 18%N + %Co + 0.1%Mn – 0.01%Mn2    (2.1) 
 Cr equiv. = %Cr + 2.5%Al + 1.5%Mo + 0.48%Si + 2.3%V (2.2) 
 
To predict austenite phase stability in Fe-Cr-Mn-Mo-N alloys, Speidel (Speidel) shows 
Equations (2.1) and (2.2), but such equivalent calculations for Fe-Cr-Mn-N alloys demonstrate 
inaccurate predictions at equivalent concentrations near the phase boundaries of 
austenite/austenite-ferrite, regardless of the particular elemental coefficients used (Saller, 
Bernauer et al.). Therefore, modified Schaeffler diagram and particular elemental coefficients for 
particular type of steel are required. 
 For these reasons, many researchers have tried to find the trend of phase stability in high 
nitrogen (Glownia, Kalandyk et al. 2001) and Mn-substituted stainless steels. For example, 
Onozuka et al. (Onozuka, Saida et al. 1998) have suggested that the ability of Mn for stabilizing 
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austenite might be overrated if the Schaeffler and Long–DeLong constitution diagrams are used 
for low-Ni, high-Mn austenitic stainless steels. 
 
 High Interstitial Stainless Steels: Carbon and Nitrogen Alloyed Steels 
 
High interstitial stainless steels (HISSs) not only have a high concentration of nitrogen, but 
also incorporate a high level of carbon content. HISSs have an increased total interstitial 
concentration, resulting in a further increase in alloy strength, as well as corrosion resistance, due 
to the synergetic effect of carbon and nitrogen. Many researchers have studied carbon and nitrogen 
alloyed Fe-Cr-Mn stainless steel. The mechanical properties, such as hardness, yield strength, 
ultimate tensile strength, toughness, ductility, and wear resistance were all highly increased by 
adding carbon and nitrogen (Rawers 1999; Rawers 2004; Berns and Gavriljuk 2007; Rawers 2008; 
Berns, Gavriljuk et al. 2010; Berns, Gavriljuk et al. 2013)  
  
2.4 Carbon and Nitrogen and Free Electron Concentration 
 
Free Electron Concentration in Carbon and Nitrogen Alloyed Steels 
 
The structure of metals and alloys begin from localized or free electrons. When external 
forces are applied, atoms are shifted from their positions, and mechanical responses—whether 
plastic deformation or brittle fracture—depend on the characteristics of interatomic bonds. In 
addition, valence electrons are responsible for the height of the energy barrier which must be 
overcome in order to jump through the interface between the matrix and any new phase. The total 
energy, the density of electron states, and the electron distribution of the electron density over the 
lattice has been studied to understand the effect of chemical composition on the type of interatomic 
bonds and the properties of steel (Gavriljuk, Shanina et al. 2000; Shanina and Gavriljuk 2004). 
In the present study, interstitial solid solutions significantly affect their properties, and the 
elements of interstitial solutions, such as carbon and nitrogen, are the main alloying elements that 
determine the variety of structures and properties of iron, due to their interatomic bonds. 
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In order to identify the effect of the interstitial alloying addition of carbon + nitrogen, the 
theoretical density of the electron states of substitutional solid solution iron, as well as interstitial 
solid solution iron with carbon, nitrogen, and carbon + nitrogen were calculated. 
The addition of alloying elements affects the distribution of valence electrons on their 
energy states, as shown in Figure 2.7. The bound states and the Fermi energies of each alloy were 
changed. In comparison with carbon + nitrogen, increases in the density of electron states in the 
vicinity of the Fermi level are shown, which suggests an increase in the concentration of 
conduction electrons (free electrons). This result indicates that carbon should decrease the 
concentration of free electrons, whereas nitrogen and carbon + nitrogen should increase it. The 



















Figure 2.7.  Density of electron states in the valence electron band of the calculated solid 
solutions. The change of the DOS in the vicinity of the Fermi level is shown in the 
upper insert(Gavriljuk, Shanina et al. 2008). 
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A qualitative study of this effect is shown in Figure 2.8, which shows the spatial 
distribution of the valence electrons along the (110) plane in the carbon, nitrogen, and carbon + 
nitrogen solid solutions. In contrast to carbon, the nitrogen atoms are surrounded by larger clouds 
of valence electrons. The nitrogen atoms are negatively charged while the carbon atoms carry a 
positive electric charge, which is consistent with that of electro-migration measurements 



















Figure 2.8.  Spatial distribution of the valence electron density along the (110) plane in the fcc 
lattice of solid solutions: Fe20Mn8Cr4C2 (a), Fe20Mn8Cr4N2 (b), and 
Fe20Mn8Cr4C1N1 (c) (Gavriljuk, Shanina et al. 2008). 
 
Figure 2.9 presents a two-dimensional projection on the (100) plane, where only the iron 
and carbon atoms are located. It shows that electron density in the space between the atomic sites 
is highest for the carbon + nitrogen alloyed steel (C), and also that nitrogen alloyed steel has higher  
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electron density than carbon alloyed steel. This suggests that the concentration of free electrons in 
austenite steels is enhanced with nitrogen or carbon + nitrogen. Another important concept is the 
spatial distribution of free electrons. Figure 2.9 (C) shows more homogeneous morphology in the 
case of steel alloyed with carbon + nitrogen, which is represented as a perfect free lattice, and the 
electron density was increased near the carbon atoms.(Shanina, Gavriljuk et al. 2007) 
Experimental studies have been conducted to confirm these theoretical calculation results 
by a number of methods, including conduction electron spin resonance (CESR) and Mössbauer 
spectroscopy. It was determined that nitrogen atoms in austenite increase the concentration of free 
electrons (those free to move between atoms), thus enhancing the metallic component of atomic 
interactions, while carbon atoms in austenite increase the concentration of localized electrons 
(those confined to the parent atom), which enhances covalent bonding. (Shanina and Gavriljuk 
2004) The data are shown in Figure 2.10, and reports that the effect of nitrogen on increased 
thermodynamic stability of the austenite phase is due to increased metallic bonding, which appears 
to contribute to short-range atomic ordering in a wide range of Fe-Cr-Ni alloys. In addition, 
Gavriljuk and Berns (Gavriljuk and Berns 1999) have examined the effect of nitrogen in steels by 
investigating electronic configurations and the interactions of iron, carbon, and nitrogen. Upon 
measuring the lattice parameters of nitrogen and carbon in iron-based austenitic alloys, it was 
determined that, despite having a smaller atomic radius, nitrogen causes a greater strain in the fcc 
lattice than carbon. 
Many studies have attempted to identify how much the content of interstitial elements, 
including carbon, nitrogen, and carbon + nitrogen affect the free electron concentration. They have 
concluded that there is optimum content in austenitic steels, as shown in Figure 2.10. The carbon 
+ nitrogen alloyed conditions have a much higher concentration of free electrons. 
Consequently, the combined alloy with carbon + nitrogen alloyed steel increases the value 
of free electron concentration. It is helpful to understand the properties of high interstitial stainless 
steel, because they affect the properties of metal (such as ductility) due to the short-range order of 










Figure 2.9.  Calculated distribution of the electron density over the crystallographic plane (100) 
for steel Fe20Mn8Cr4 alloyed with nitrogen (a), carbon (b), and carbon + nitrogen 










Figure 2.10. Free electron concentrations at the Fermi energy level for varying levels of interstitial 
concentrations in austenitic Fe-Cr-Mn steels. Data obtained by CESR. Arrows 
indicate the increase in conduction electrons from allying with carbon + nitrogen as 
compared to alloying with nitrogen alone (Gavriljuk, Shanina et al. 2008). 
 
Carbon and Nitrogen and Short Range Order 
 
 As described above, an increased concentration of free electrons, due to the addition of 
carbon + nitrogen, assists short-range atomic ordering, whereas the enhanced localization of 
electrons at the lattice sites promotes atomic clustering. Earlier studies showed that, in Fe–C 
austenite, carbon atoms in the dumbbell-like C–Fe–C configuration are favorable, and the 
repulsion is weak between the carbon atoms as nearest neighbors allow the occupation of adjacent 
interstitial sites, so that Fe4C cannot exist. On the contrary, the Fe–N austenite atomic distribution 
is characterized by a strong repulsion between nitrogen atoms as nearest neighbors, so it is very 
weak in the dumbbell-like N–Fe–N configuration. It shows that such nitrogen pairs constitute an 
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element of the ordered Fe4N austenite phase (Oda, Umezu et al. 1990; Sozinov, Balanyuk et al. 
1999). 
According to the previous studies using Mössbauer data, Fe–C–N solid solutions were 
simulated using a Monte Carlo program, and the results confirmed that both carbon and nitrogen 
atoms reveal a strong repulsion in the first as well as in the second coordination sphere of the 
interstitial sub-lattice. In other words, the atomic distribution in Fe–C–N austenite shows that 
neither carbon nor nitrogen occupies adjacent interstitial sites within the first and second 
coordination spheres. (Balanyuk, Gavriljuk et al. 2000) 
Consequentially, short-range atomic ordering occurs by the distribution of interstitial 
atoms in Fe–C–N solid solutions. This finding is consistent with the previously described concept 
of the general relationship between the increased concentration of free electron enhancing metallic 
bonding of interatomic bonds and the atomic distribution in iron-based alloys. 
 
Free Electron Concentration and thermodynamic stability of austenite 
 
Short-range ordering increases the stability of solid solutions in phase transformation while 
clustering decreases. As Figure 2.11 shows, the areas under the components of the Mössbauer 
spectra that belong in austenite have increased by nitrogen or carbon + nitrogen. As a result, these 
elements increase the stability of austenite in iron, and the increased amount of retained austenite 
is also shown. (Berns, Ehrhardt et al. 1995) 
As Figure 2.12 (a) shows, during the solution treatment at 1050 ◦C, carbon and chromium 
cannot be simultaneously dissolved in a sufficient amount to achieve a high corrosion resistance. 
The negative slope of the solubility limit over the carbon content proves a strong tendency toward 
the clustering of Cr and C atoms in the austenite and in forming the precipitation of chromium 
carbides. However, the positive slope of the solubility limit is shown in the case of the exchange 
of carbon by nitrogen. Additionally, a concentration area appears that is characterized by a high 
content of chromium and nitrogen dissolved in austenite. Moreover alloying with carbon + 
nitrogen enlarges this area (Figure 2.12 c). This favorable change in the slope of the limit for the 
dissolution of chromium and interstitial elements in austenite, due to a substitution of carbon by 
nitrogen or by carbon + nitrogen, confirms the effect of the nitrogen or carbon + nitrogen solid 































Figure 2.11.  Mössbauer spectra of steel Cr15Mo1 alloyed with carbon (a), nitrogen (b), 






Figure 2.12. Isothermal equilibrium diagrams at 1050 ºC for (a) Fe-Cr-C, (b) Fe-Cr-N, and (c) 
Fe-Cr-N with 0.3 wt. pct. carbon, as calculated using Thermo-Calc Software™ 








Fe-Cr-Mn HISSs alloys can be designed to possess superior properties, including higher 
strengths combined with greater ductility (Schmalt, Berns et al.) as well as better resistance to wear 
and creep (Rawers). The mechanical properties of Fe-18Cr-18Mn with high nitrogen and carbon 
interstitial stainless steels, using unidirectional tensile loading and cyclic loading tests, was studied, 
and showed improvements in the tensile strength and ductility of these alloys by high C+N 
content.(Berns, Gavriljuk et al.) One study evaluated the wear resistance of Fe-15Cr-15Mn (wt. 
pct.) alloys by pin-on-disk testing (Rawers). Test alloys contained carbon levels between 0.03 and 
0.53 wt. pct., nitrogen levels between 0.01 and 1.67 wt. pct., and total interstitial contents (carbon 
+ nitrogen) between 0.04 and 2.08 wt. pct. The results showed improvements in wear resistance 
with increasing interstitial content. Other studies of the abrasive wear resistance of high interstitial 
ferrous alloys produced the same conclusion (Rawers and Lillo 1999). 
Carbon and nitrogen are known to benefit both the yield and tensile strengths of steel 
through the mechanism of interstitial solid solution strengthening. Solid solution strengthening is 
a main contribution to the strengthening effect on high nitrogen steels (HNS) and high interstitial 
steels (HIS), but data on the combined effects of nitrogen and carbon in HISSs alloys on 
mechanical performance are limited. Research efforts to find the strengthening mechanism 
continue. Tae-Ho Lee et al. (Lee, Shin et al. 2010) have studied the correlation between stacking 
fault energy and deformation microstructure in high-interstitial-alloyed Fe-18Cr-10Mn austenitic 
steels. They found that the ratio of mean-squared strain to stacking fault probability gradually 




The formation of precipitates, such as chromium carbides or nitride, is a significant 
obstacle in producing stainless steels with high interstitial contents and maintaining a high level 
of corrosion resistance. Chromium-rich carbides often form at the grain boundaries in stainless 
steels with slow cooling rates and sufficient carbon contents. Grain boundary carbide formation 
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results in chromium depleted zones adjacent to the grain boundary: this condition, known as 
sensitization, can combine with an aggressive corrosive environment to lead to intergranular 
corrosion (IGC). For this reason, carbon levels are typically limited to 0.10 wt. pct. in traditional 
stainless steels, such as type 316. Particularly, carbon content in the “L” grades of stainless steels, 
such type 316L, has a carbon content that is reduced to 0.03 wt. pct. It is designed specifically to 
reduce sensitization issues due to chromium carbide precipitation. 
Researchers have demonstrated the engineering advantage of increasing both carbon and 
nitrogen in ferrous alloys (Rawers, Duttlinger et al.) to stabilize the austenite phase field and hinder 
the formation of carbides or nitrides (Rawers and Lillo 1999; Rawers 1999; Rawers 2004) by 
maintaining suitable minimum levels of the interstitial elements. The hindrance of precipitate 
formation reduces the susceptibility of a stainless alloy to sensitization and pitting. Levels of both 
carbon and nitrogen above 0.4–0.5 wt. pct. have been found to obstruct the formation of carbides 
and nitrides in otherwise unalloyed iron (Rawers and Lillo), as well as in Fe-15Cr-15Mn (wt. pct.) 
alloys (Rawers).  
A proposed explanation of the barrier to carbide and nitride formation in iron that contains 
both nitrogen and carbon is illustrated in Figure 2.13, which depicts the positions these interstitial 
elements assume in the face-centered cubic (fcc) lattice of austenite. Both carbon and nitrogen 
position themselves in octahedral sites, but each favors different locations in the lattice. Carbon 
assumes the 90º position, while nitrogen sits in the 180º position, which creates a highly ordered, 
alternating interstitial structure (Berns, Gavriljuk et al. 2013). 
An ordered structure obstructs the ability of carbon and/or nitrogen to diffuse sufficient 
distances to create groups the size of the critical radius for nucleation of carbide and/or nitride 
precipitates. Clusters of nitrogen or carbon that are under the critical size for nucleation will be 
thermodynamically unstable, and will lower the energy of the system by dissolving into the parent 
matrix. 
A great deal of experimental research supports the theory of increased corrosion resistance of 
high alloyed carbon and nitrogen interstitial stainless steel. Heon-Young Ha et al.(Ha, Lee et al. 
2009) have investigated the carbon and nitrogen combined effects on pitting corrosion behavior of 
a Fe–18Cr–10Mn alloy. The results show that the addition of carbon and nitrogen enhanced the 
resistance to pitting corrosion of the alloys. The thickness of the passive film formed increased 
along with carbon and nitrogen concentration. The concentration of Cr in the passive film was 
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increased with increasing carbon and nitrogen content in the alloy, thereby making the passive 
film more protective with the addition of interstitial alloying elements. 
Young-Sub Yoon et al. (Yoon, Ha et al. 2014) have studied the effect of nitrogen and 
carbon on stress corrosion cracking susceptibility of austenitic Fe-18Cr-10Mn stainless steels. The 
slow strain rate testing results show a substantial improvement in tensile properties of Fe-18Cr-
10Mn austenitic stainless steels alloyed with 0.3C and 0.3N, along with a reduced tendency for 
intergranular fracture. The stress corrosion cracking susceptibility of these alloys in 2 M NaCl at 
50⁰C under constant anodic potential (+0.05 V versus Ecorr) condition significantly decreased 
with addition of 0.3 wt.% carbon and 0.3 wt.% nitrogen to the Fe-18Cr-10Mn alloys. 
Among the types of corrosion resistance, pitting corrosion is important for the applicability 
of drill collar materials in sour gas well environments. It is obvious from the studies described 
above that elevated levels of interstitial nitrogen and carbon additions in Fe-Cr-Mn stainless steels 
improve material properties, such as strength, wear, corrosion resistance, and can provide greater 


















Figure 2.13. Octahedral sites occupied by carbon and nitrogen in the face-centered cubic lattice. 
Image modified from (Rawers, Duttlinger et al.) 
26 
 
CHAPTER 3 EXPERIMENTAL PROCEDURE 
 
3.1 Material Preparation and Characterization  
 
Fabrication and Characterization of HISSs 
 
High interstitial Fe-Cr-Mn austenitic alloys were produced by using 500lb induction 
melting furnace operating in air atmosphere. Two types, CN66 (0.38 wt. % N+0.28 wt. % C) and 
CN71 (0.44 wt. % N+0.27 wt. % C) were developed with basic limits on overall composition. 
Concerning the terminology used in the present document, the alloy with the composition of 0.38 
wt. % N+0.28 wt. % C is termed “CN66” where “66” is the sum of the nitrogen and carbon contents, 
expressed in hundredths of a percent.  In a similar manner, the alloy containing 0.44 wt. % N+0.27 
wt. % C is termed “CN71”. 
To get High Interstitial Stainless Steels (HISSs), nitrogen is the key element for making 
interstitials in steel. Generally, melting process at high pressure of nitrogen or the powder 
metallurgy was required to get the steel having high nitrogen content. To avoid the additional 
costly process, the carbon and nitrogen content were aimed at 0.5-1 wt. % which could get easily 
dissolved at normal pressure of air. Chromium content related to corrosion resistance was aimed 
at minimum 18 wt. %. 8-10 wt. % of manganese was added which has the ability to stabilize 
austenite and act as a deoxidizer in steel. Nickel, conventionally used as an austenite stabilizer in 
austenitic steels, and other element concentrations were minimized and aimed less than 1 wt. % 
for cost effectiveness.   
Chemical compositions of CN66 and CN71 were measured in three different ways. The 
interstitial elements, carbon and nitrogen contents in steel were investigated by C/S Analyzer (Eltra, 
CS 2000) and Oxygen/Nitrogen Determinator (Eltra, ONH-2000). The other chemical 
compositions of CN66 and CN71 were investigated by X- Ray Fluorescence. 
Microstructural characterization studies were conducted on metallographically polished 
samples to determine crystallographic. An FEI Quanta 600i environmental scanning electron 
microscope was used to investigate the microstructures and the phase present. All specimens were 
polished as in conventional metallography to a 1 µm finish and etched with two percent nital. 




In the case of the castings, the variations of material properties depend on metallurgical 
factors such as alloy chemistry/ additions, morphology / size / constituent phases (volume %), 
microstructure (grain refining and modification), porosity, heat treatment, physical and mechanical 
properties (Jorstad 1980). The present study was undertaken to investigate the effect of 
metallurgical parameters on the drill collar material alloys. The most important metallurgical 
factors considered in the present study which determine the condition of the work material that can 
influence the outcome of the microstructure are: 
 
a) Chemistry and additions (carbon and nitrogen wt. %) 
: CN66 (0.66 %, C+N %), CN71 (0.71 %, C+N %) 
b) cooling rate (air cooling and water quenching), 
: Air cooling ( > 1 °C/s) and water quenching ( > 130 °C/s) (Dhua, Mukerjee et al. 2003). 
c) heat treatment time (holding time at 1200 ºC).  
: 2 or 4 hours at 1200 °C 
 
3.2 Mechanical Properties testing 
 
Hardness Testing, Tensile Testing, and Charpy Impact Energy Testing 
 
For the hardness test, five hardness measurements were taken for each sample using the 
Rockwell B scale following the ASTM E18 (ASTM 2008). The average hardness values of two 
replicates of each condition were used to indicate hardness. The hardness data is presented as 
average values and standard deviation between all values for each condition. Two replicates 
Charpy V-notch (10 mm x 10 mm) specimens of each condition were machined, and the energy 
absorbed was recorded for each test according to ASTM E23 (ASTM 2007) . Tensile testing was 
performed to the alloys according to ASTM E8 (ASTM 2008) used two replicates of each 
condition. Tensile loading rate is 0.076 mm/min. Specimens were machined by the sub-sized 






Figure 3.1. Schematic of tensile specimen. 
 
Table 3.1. Dimensions of the tensile specimen. 
 
 Subsize specimen Dimension (mm) 
G Gage length 25.0 ± 0.1 
W Width 6.0 ± 0.1 
T Thickness 25 ± 0.1 
R Radius of fillet, min 6 
L Overall length 100 
A Length of reduced section, min 32 
B Length of grip section 30 
C Width of grip section, approximate 10 
 
The 0.2 pct. offset yield strength, ultimate tensile strength, elastic modulus, energy 
absorbed during tensile testing, and percent elongation were measured for each specimen. Tensile 
and Charpy impact energy testing are presented as average values and pooled standard deviation 






Dry Sand Wear Abrasive Testing 
 
For the wear abrasive testing, five weight loss measurements were taken for each sample 
and the average values of three replicates of each condition were used. The data is presented as 
average values and pooled standard deviation between all values for each condition. The wear 
abrasive testing was carried out for alloys with a dry sand rubber wheel, DSRW, tester. Tests were 
carried out basically according to the ASTM G65-91 standard (ASTM 2010). The test specimens 
were pressed against the rotating wheel at a specified force, while a controlled flow of sand abrades 
the test surface. The testing parameters were the following: rotation speed 250 rpm, sand flow 138 
g/min, test duration about 10 min and wheel diameter 180 mm. Rounded quartz sand from 
American Foundry Society (A.F.S) of irregular shape and having a particle size of sieve no 50/70 
was used. The sample sizes were (15*50*5) mm3. The results are presented as volume loss (mm3) 









3.3 Statistical Analysis of Significant Variables 
 
Design of Experiments 
 
Statistically–designed experiments were used to evaluate correlation between metallurgical 
parameters and mechanical properties on the high interstitial stainless steel. Two or three replicates 
of each measurement were employed to alloy identification of statistically significant effects. The 
23-factorial design was used in the present case. Metallurgical parameters are the effect of the 
carbon and nitrogen content (CN66 (0.66 %, C+N %), CN71 (0.71 %, C+N %)), heat treatment 
hours (2 or 4 hours at 1200 °C), and cooling rate. The cooling rates are chosen by different media 
and those rates are about: the rate of air cooling > 1 °C/s and that of water quenching > 130 °C/s. 
(Dhua, Mukerjee et al. 2003). Two levels of each factor were used: one level is set as the minimum 
value and represented by -1, and the other level is set as the maximum and represented by +1. The 
level values of these factors are listed in the 23 design presented in Table 3.2. These factors are 
termed “coded variables.”  
Full-factorial designed experiments investigated significant effects which consisted of 
main effects, two-factor interactions, and the three-factor interaction. Data were analyzed with 
using Minitab 16 software. After analysis to determine statistically significant quantities, 
calculated residuals calculated to compare measured and predicted values using the results of the 
analysis of the statistically significant variables. 
 
Test of Statistical Significance 
 
The experiments in this study evaluated the effect of the three metallurgical variables (alloy 
composition, holding time and cooling rate during quenching) on several physical properties, 
typically using two replicates for each measurement. In assessing the statistical significance, the 
terms that considered for the analysis are the main effects (3 terms), two-factor interactions (3 
terms) and the three-factor interaction (1 term) were all considered in the analysis. In total, there 
are seven terms that are considered in this analysis. 
The decision on whether any of these terms are significant is based on a hypothesis test. 
The hypotheses are (1) null hypothesis H0:  a term is not significant and (2) alternate hypothesis 
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H1:  a term is significant. In testing to determine significant effects, the probability (P) that the 
null hypothesis is plausible is calculated.  If the probability is less than 0.05, then the null 
hypothesis is rejected and the alternate hypothesis is accepted indicating that term being evaluated 
is statistically significant. The cutoff value of 0.05 is used commonly based on experience in 
statistical testing (Navidi 2010). 
 
Table 3.2. Coded variables and experimental variables 
 
Coded Variables Experimental Variables 
A B C Comp 




Rate Comp Time Rate 
-1 -1 -1 0.66 2.0 Air 
1 -1 -1 0.71 2.0 Air 
-1 1 -1 0.66 4.0 Air 
1 1 -1 0.71 4.0 Air 
-1 -1 1 0.66 2.0 Water 
1 -1 1 0.71 2.0 Water 
-1 1 1 0.66 4.0 Water 
1 1 1 0.71 4.0 Water 
 




The HISSs structure and phase were determined using a PHILIPS (Model: X’Pert-MPD 
System) with Cu-Kα radiation (a wavelength of 1.54054 Å). The samples for X-ray diffraction 
analysis were mechanically ground and polished down to1 µm in order to give consistent surface 
conditions. All specimens were measured over a scan range of 20 –80° with a 0.02° step size and 
a 2 s dwell time per step. Crystal orientations were identified using the Pcpdf Win X-ray Powder 
Diffraction File for relevant phase identification. Lattice parameters of each sample were obtained 
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by direct Rietveld Method and calculation of combined Bragg’s law using fcc(200) plane of each 
x-ray diffraction pattern. 
 
X-ray Photoelectron Spectroscopy  
 
X-ray Photoelectron Spectroscopy (XPS) is an analysis technique that uses x-rays in an 
ultra-high vacuum environment to investigate the chemical compounds on a sample surface. The 
atomic concentration and mainly chemical bonding status of each steel was investigated by a PHI 
model 5600LS x-ray photoelectron spectroscope.  The analysis involved the use of an Al Kα x-ray 
source.  The source was applied at 15 kV and 15 mA, therefore, applying 195 W of power for x-
ray generation. 
 Oxygen and carbon have a high propensity to react with the freshly sputtered steel surface 
in the vacuum chamber.  An initial sputter-etch process was performed to remove surface 
contaminants.  A full survey scan was acquired before the acquisition of the high-energy resolution 
spectra.  This is done to detect any potential foreign elements whose signals are not warranted 
from the surface.  The actual analysis depth into the sample is unknown due to variability in sputter 
rates for different materials.  The Fe 2p, C 1s, N 1s, and Cr 3/2p high-energy resolution spectra 
were acquired after the survey scan. 
 
Electron Probe Micro-Analysis (EPMA) 
 
Compositional analyses of the steels to determine the contents of Fe, C, N and Cr were 
also carried out by electron probe micro-analysis (EPMA, Shimadzu, EPMA 1600). An EPMA 
provides much better results than standard EDS (energy dispersive spectroscopy) system. Because 
of the internal properties of WDS (wavelength dispersive spectroscopy), the general sensitivity, 
analysis of light elements and risks of erroneous interpretation of qualitative spectra are all superior 




3.5 Corrosion Properties Testing 
 
Atmospheric Corrosion Tests in Salt Water  
 
The corrosion behavior of the high interstitial stainless steels and the benchmark alloys 
initially was studied in 3.5% NaCl solution. In this instance, the corrosion rate of alloys were 
measured by weight loss in air at 25°C under atmospheric pressure in a 3.5 wt.% NaCl solution at 
pH 6. The weight-loss corrosion test was conducted according to the ASTM G-31 standard. The 
weight loss corrosion test consists in immersing the specimen in the sodium chloride solution and 
measuring the mass loss due to corrosion versus time. Corrosion rates were then calculated from 
the mass loss measurements.  
Potentiodynamic scans were also used to examine the overall corrosion behavior of a 
system. In a typical potentiodynamic scan, the potential of a metal specimen is slowly swept over 
a wide potential range. During the potential sweep, the metal sample undergoes several 
electrochemical reactions resulting in anodic and cathodic cell currents which may vary over many 
orders of magnitude.  Analysis of the data typically yields corrosion potential, corrosion rate, and 
potential region for passivity. 
 
Sour-Brine Environment Immersion Tests  
 
In this work, corrosion of the HISSs as well as the benchmark alloys was characterized by 
corrosion immersion test in a high-pressure high-temperature autoclave.  The solution in the 
autoclave consisted of 3.5 wt.% sodium chloride solution and a mixture of H2S and CO2 gas. The 
conditions of the test are: 
 
a) Total autoclave pressure = 8 bars. 
b) Partial pressure of H2S = 3 bars (37.5 %). 
c) Partial pressure of CO2 = 5 bars (62.5%). 
d) Temperature = 120˚C. 
e) Electrolyte: 3.5 wt.% NaCl solution. 
f) Immersion time = 30 or 40 days. 
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g) Specimen surface condition: ground with 600 Grit SiC paper.  
 
The tests ran for 30 days, and the visual aspect of the specimens exposed to the sour 
environment was assessed before and after the test. The change in mass of the specimens was 






CHAPTER 4 RESULTS AND DISCUSSION 
 
4.1 Fabrication and Characteristics of HISSs 
 
Chemical Composition and Mechanical Properties of HISSs 
 
Two types of high interstitial stainless steels (HISSs) were produced and compared with 
reference materials, which are also high interstitial steels with similar chemical compositions and 
mechanical properties. The chemical compositions and the mechanical properties of CN66, CN71, 
and the reference materials are shown in Table 4.1. The chemical compositions of 
benchmark/commercial alloys are also in this table. The composition result shows that the carbon 
and nitrogen content of CN66 has 0.28 wt. % C and 0.38 wt. % N, and that of CN71 has 0.27 wt. % 
C and 0.44 wt. % N. 
In addition, the carbon and nitrogen concentration of CN71 with heat treatment (at 1200ºC 
for 4 hours and water quenching) was presented as CN77 ** and was also investigated. The 
concentration of carbon and nitrogen in heat-treated CN71 showed 0.28 wt. % C and 0.44 wt. % 
N, respectively, and these are the same values with those of as-cast CN71. These results indicate 
that carbon and nitrogen in the steel should not escape through heat treatment, once dissolved. 
The mechanical properties of the developed materials (CN66, CN71) and the reference 
materials (CN85, CN96, CN105) were compared to identify the effect of the amount of interstitials 
on the properties of HISSs. These two groups have different chemical compositions (such as those 
that include Mn and Cr, among others); particularly, reference materials have 18 wt. % of 
manganese and chromium, and the developed materials have 8, 23 wt. %, respectively. The 
different contents of chemical compositions, the mechanical properties, yield strength, ultimate 
tensile strength, and elongation consistently increase as the amounts of the interstitial elements 
increase. These results confirm that the increased amount of interstitial carbon and nitrogen 
element affects the mechanical property improvements, despite the small difference in the content 
of the interstitial elements (0.05 % in mass in both CN66 and CN71). 
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Table 4.1. Chemical compositions and mechanical properties of developed and reference high interstitial stainless steels 
 
*Mechanical properties : Yield strength (MPa), UTS (MPa), Elon.(Elongation, % in 25mm )(Berns, Gavriljuk et al. 2013)  
CN77**: heat treated at 1200ºC for 4 hours and then water quenched CN71  
Compositions (in mass %) Mechanical Properties* 
 C N Cr Mn Ni Si Mo Fe Yield UTS Elon. 
Produce alloys 
CN66 0.28 0.38 23.92 8.33 0.79 0.75 0.56 Bal. 537 880 41 
CN71 0.27 0.44 23.53 8.65 0.82 0.93 0.40 Bal. 539 926 44 




Gavriljuk et al. 
2013) 
CN85 0.26 0.59 18.3 18.5 0.26 0.26 0.04 Bal. 552 1000 67 
CN96 0.34 0.62 18.2 18.9 0.34 0.30 0.06 Bal. 600 1002 74 
CN107 0.49 0.58 18.8 18.9 0.40 0.43 0.07 Bal. 604 1020 74 
Compositions (in mass %) 
  C N Cr Mn Ni Si Mo Cu Ti Co W V Fe 
Benchmark 
alloys with 




SS316 0.03 - 16-18 - 10-14 0.75 2-3 - - - - - Bal. 
2507 0.02 0.27 25 - 7 - - 1.43 - - 0.74 - Bal. 
17-4PH-16 0.07 - 15.21 0.64 4.28 - 0.14 3.17 0.23 - - - Bal. 
397-26 - - 13.83 - 25 - 1.16 0.13 2.04 0.53 - 0.34 Bal. 




P550 0.06 0.6 - 21 - - 0.5 0.5 - - - - Bal. 
Biodur108 0.04 1.01 20.92 23.32 0.02 0.22 0.69 0.69 0.02 - 0.10 - Bal. 
Chronifer 
M4108 0.27 0.35 15.50 0.5 0.54 0.54 0.95 0.95 - - - - Bal. 
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Phase Analysis and Density of HISSs





















Figure 4.1. X-ray pattern of HISSs 
 
Phase analysis was conducted by X-ray diffraction. The result shows that the HISSs 
consists of an austenite phase and a ferrite phase. The pattern of X-ray diffraction of CN66 is 
similar to that of CN71, but the shifted angles are detected as shown in the plane (200) peak. The 
shifted angle means the lattice has strained and that the expansion/shrink lattice parameter could 
be calculated (red-dash), and these results will be discussed in Chapter 4.3.4. 
Density of CN66 and CN71 was also measured by Pyconometer, with 7.61 and 7.59 g/cm3 
respectively. The values are in an expected range of commercial stainless steels (2507 steel: 7.75, 







The microstructure of HISSs was studied by using scanning electron microscopy (SEM). 
The microstructure of the developed as cast CN71 alloy (Figure 4.2 (a)) shows pearlite (grey grains) 
and ferrite grains (brownish grain) in austenitic matrix. The pearlite structure is a rich region of 
carbides and nitrides that impairs the corrosion resistance and mechanical properties of the alloy. 
To homogenize the distribution of carbon and nitrogen in the microstructure of the alloys, heat 
treatments were performed at 1200 ˚C for two hours. Two different cooling media were used in 
the present study: water quenching and air cooling. The water quenching was expected to keep the 
carbon and nitrogen in the interstitial sites and avoids the precipitation of carbides and nitrides. 
The microstructure of the heat-treated CN71 (Figure 4.2 (b)) alloy showed that is 
completely consisted with a few ferrite grains (brownish grains) in an austenitic matrix. The heat 
treatment at 1200 ˚C entirely dissolved the carbides and nitrides. This dissolution of carbides and 
nitrides can lead to an increase in the effect of solid solution strengthening, due to the increase in 
total interstitial content.  
 
 
       (a)             (b) 
Figure 4.2. Microstructure of CN71 as cast (a), heat treated (b) at 1200 ˚C during two hours and 




4.2 Mechanical Properties of HISSs and Statistical Analysis 
 
Extensive studies of the mechanical properties of HISSs were performed to investigate both 
the mechanical performance of two types of HISSs and the effects of processing parameters, such 
as heating time, cooling rate, and carbon + nitrogen concentration. 
 
 4.2.1 Hardness of HISSs 
 
Hardness of HISSs 
 
The hardness test of HISSs was carried out to examine the effects of the heat treatment 
conditions and wt. % addition of carbon and nitrogen and on the Fe-Cr-Mn system alloy, since 
hardness is an indicator of a material’s resistance to plastic deformation. Figure 4.3 shows the 
Rockwell B hardness values of the samples with various carbon and nitrogen contents, heat 



















The heat-treated samples with various conditions exhibited decreased hardness, 
especially those that were air cooled at 1200 ˚C. As demonstrated in microstructure analysis, the 
as-cast samples of CN66 and CN71 have a pearlite structure. The steel with this phase shows high 
hardness because of its constituent components, including ferrite and cementite, but those decrease 
the overall ductility of the material (Gonzaga, Landa et al. 2009). On the other hand, pearlite in as-
cast structure is dissolved in matrix by heat treatment which decreases hardness values of air 
cooled CN66 and CN71. In addition, in austenitic steels, a full solution annealing assists stress-
relieving and re-transform any phases formed back to austenite. Slow cooling is advisable to avoid 
introducing distortion problems or residual stresses. Therefore, the hardness of such an austenitic 
alloy decreases by solution heat treatment at 1200 ˚C with slow cooling; thus, air cooling is 
preferable. 
The hardness values of water-quenched HISSs are higher than those of air-cooled 
HISSs, and it seems that this finding is related to the fraction of ferrite. These results will be 
discussed in Chapter 4.3. The difference in hardness values between CN66 and CN71 is less than 
1 HRB. 
 
Statistical Analysis of Significant Variables on hardness 
 
The first set of experiments evaluated the effect of the three metallurgical variables (alloy 
composition, holding time, and cooling rate during quenching) on Rockwell hardness (HRB). 
Table 4.2 shows the results of the statistical analysis for the HRB measurements. 
Analysis of the data involves the elimination of terms with probability values greater than 
0.05. As indicated above, this test determines if the null hypothesis, H0, can be rejected, which 
would signify that a term is statistically significant (Navidi 2010). In this case, the highest P value 
is 0.873 for the term holding time. Normally, this main effect would be removed from the analysis, 
but holding time is also in a two-factor interaction. Main effects are retained if they are present in 
an interaction. Accordingly, the two-factor interaction (composition and rate) with a probably of 
0.873 is removed at this point. The analysis is repeated with the remaining terms; the term with 
the highest probability is removed in each step if the probability is greater than 0.05. This process 




Table 4.2. Results of the analysis of the statistically significant effects on Rockwell hardness 
(HRB) 
Term Coefficient t P 
Constant 97.0787 367.40 0.000 
Composition -0.1413 -0.57 0.607 
Time -0.0437 -0.17 0.873 
Cooling Rate 1.0688 4.04 0.004 
(Composition) (Time) 0.1612 0.61 0.559 
(Composition) (Rate) 0.0588 0.22 0.830 
(Time) (Rate) -0.1737 -0.66 0.529 
(Composition) ( Time) (Rate) 0.1212 0.46 0.659 
 
The t-statistic is also shown in Table 4.2. This quality is another way of indicating the 
significance of a term. For the number of samples involved in the present work, terms are 
significant if the absolute value of the t-statistic is greater than 2.2. 
Table 4.3 shows the final results of the statistical analysis for the HRB measurements. 
Cooling rate is the only the variable that passed the hypothesis test. In fact, the results show that 
cooling rate is highly significant, i.e., P < 0.0005 (t = 4.94). Furthermore, the other main effects 
are not significant, and likewise, none of the interactions are significant. 
 
Table 4.3. Final results of the analysis of the statistically significant effects on Rockwell hardness 
(HRB) 
Term Coefficient t P 
Constant 97.079 448.9 0.000 
Cooling Rate 1.069 4.94 0.000 
 
Concerning interpretation of the information in Table 4.3, the equation that fits the 
experimental data is, 
HRB = 97.079 + 1.069 (Cooling Rate)     (1) 
The value of the cooling rate in equation 1 is expressed as coded values (+1, -1). The data 
show that the HRB increases with cooling rate. Table 4.4 shows the data obtained in this work and 
the results of the data analysis. The table shows the values of the three variables used in the present 
work (alloy composition, holding time, and cooling rate during quenching). Additionally, the table 
shows the measured values of the HRB, plus the predicted values from equation 1 to assess the 
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degree of fit. The table also shows the residual for each measurement which is the difference 
between measured hardness values and those predicted by the statistical analysis. Finally, the table 
shows the average value of the residual HRB, both in absolute terms and in relative terms (%) 
using the measured hardness values as the reference. 
 
Table 4.4. Experimental data for Rockwell hardness (HRB) and values predicted by the statistical 
analysis, using the information in Table 4.3 
Experimental Variables HRB HRB 
Residual Composition 




Rate Measured Predicted 
0.66 2.0 Air 95.5 96.0 -0.5 
0.71 2.0 Air 95.8 96.0 -0.2 
0.66 4.0 Air 96.3 96.0 0.3 
0.71 4.0 Air 96.4 96.0 0.4 
0.66 2.0 Water 97.0 98.1 -1.2 
0.71 2.0 Water 97.9 98.1 -0.2 
0.66 4.0 Water 97.9 98.1 -0.3 
0.71 4.0 Water 97.2 98.1 -0.9 
0.66 2.0 Air 96.7 96.0 0.7 
0.71 2.0 Air 95.4 96.0 -0.6 
0.66 4.0 Air 96.3 96.0 0.3 
0.71 4.0 Air 95.6 96.0 -0.4 
0.66 2.0 Water 100.5 98.1 2.3 
0.71 2.0 Water 98.1 98.1 -0.1 
0.66 4.0 Water 97.6 98.1 -0.6 
0.71 4.0 Water 99.0 98.1 0.9 
Average Residual 0.6 
Average Residual 0.6% 
 
The average residual is only 0.6 HRB, which corresponds to a relative value of 0.6%. These 
results indicate that the analysis accurately portrays the variation in hardness with cooling rate. 
Since cooling rate is the only variable that is statistically significant, the data set can be considered 
to be two subsets with only cooling rate as a variable. Cooling rate has two values in this instance, 
“Air” and “Water.” The average of the measured hardness values for air cooling is 96.0 which is 
consistent with the value of 96.0 that was predicted by the statistical analysis of the data. Similarly, 
43 
 
the measured hardness for cooling in water is 98.1, which compares well with the value of 98.1 
for the statistical analysis. These comparisons affirm that the statistical tool indeed accurately 
identified the statistically important experimental variable (cooling rate) in this work.  
 
4.2.2 Tensile tests of HISSs 
 




Figure 4.4. UTS (MPa) of as-cast and heat treated CN66 and CN71 as related to cooling rate 
 
The tensile properties of HISSs were measured at room temperature with ASTM E8m 
standard sup-sized tensile specimens. Figure 4.4 shows that the values of UTS were consistently 
increased by the increase in cooling rate. Particularly, the heat treatment at 1200 ˚C for 2hours and 
then water quenching improves the UTS of CN66 and CN71 as 79.3 MPa (110%), 118.6 MPa 
(116%), respectively. In addition, water quenched CN71 (929.4 MPa) shows a 60 MPa higher 
value than that of CN66 (869.4 MPa). To investigate the effects of metallurgical variables on UTS 




Statistical analysis of significant variables on UTS 
 
The set of experiments evaluated the effect of the three metallurgical variables on UTS. 
Table 4.5 shows the results of the statistical analysis for UTS. In assessing their significance, the 
main factors (3 factors), two-factor interactions (3 interactions) and the three-factor interaction (1 
interaction) were all initially considered. After analysis, the variables that passed the 95% 
significance screen are cooling rate and composition, and the two-factor interaction of these main 
effects as shown below. The results show that the main effect of cooling rate is again highly 
significant; namely, it is at greater than the 99.9% level (P < 0.0005 and t = 10.16). The main effect 
composition is also significant at the 95.5% level (P ≅ 0.045 and t = 2.24). Additionally, the two-
factor interaction of cooling rate and composition is significant at the 97.1% level (P = 0.029 and 
t = 2.47). 
 
Table 4.5. Results of the analysis of statistically significant effects on ultimate tensile strength 
(MPa) 
Term Coefficient t P 
Constant 860.854 213.98 0.000 
Cooling Rate 40.464 10.06 0.000 
Composition 9.006 2.24 0.045 
(Cooling Rate)(Composition) 9.954 2.47 0.029 
 
When interpreting the information in Table 4.5, the equation that fits the experimental data 
is: 
UTS = 860.854 + 40.464 (Cooling rate) + 9.006 (Composition) + 9.954 (Rate) (Composition) 
 (2) 
The values of cooling rate and composition in Equation 2 are expressed as coded values (+1, -1). 
The data obtained in this work and the results of the data analysis are shown in Table 4.6. The 
average residual is only 34.5 MPa, which corresponds to a relative value of 4.0 %. These results 
indicate that the statistical analysis accurately portrays the variation in UTS with cooling rate, 





Table 4.6. Experimental data for ultimate tensile strength (UTS in MPa) and values predicted by 
the statistical analysts, using the information in Table 4.5. 
 
Experimental Variables UTS (MPa) UTS 
Residual Composition 




Rate Measured Predicted 
0.66 2.0 Air 797.0 856 -59 
0.71 2.0 Air 819.1 854 -34.9 
0.66 4.0 Air 820.5 856 -35.5 
0.71 4.0 Air 830.8 854 -23.2 
0.66 2.0 Water 890.1 848 42.1 
0.71 2.0 Water 923.2 886 37.2 
0.66 4.0 Water 863.9 848 15.9 
0.71 4.0 Water 908.7 886 22.7 
0.66 2.0 Air 851.5 856 -4.5 
0.71 2.0 Air 809.4 854 -44.6 
0.66 4.0 Air 816.3 856 -39.7 
0.71 4.0 Air 818.4 854 -35.6 
0.66 2.0 Water 869.4 848 21.4 
0.71 2.0 Water 929.4 886 43.4 
0.66 4.0 Water 906.0 848 58 
0.71 4.0 Water 919.8 886 33.8 
Average Residual 34.5 
Average Residual 4.0% 
 
 
Table 4.7. shows the comparison of the averages of the measured and predicted values of 
UTS for the values of cooling rate and composition variables. The average measured and predicted 
UTS values compare well, which affirms that the statistical analysis has accurately identified the 
statistically important experimental variables (cooling rate, composition, and the two-factor 
interaction) in this work. For example, in the case of air cooling and a composition of 0.66%, the 
measured UTS is 821.34 MPa, which is the same as the predicted value. Likewise, the agreement 
in the other three cases is very good. 
The effects of composition and cooling rate are substantial; the highest UTS (920.28) is 
12.3% above the lowest UTS (819.44). Also, since the two-factor interaction is significant, the 
sensitivity of UTS with cooling rate depends on the composition. For example, for a composition 
of 0.66%, the UTS for water cooling is 61.02 MPa greater than that of air cooling. For the 
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composition of 0.71%, the difference in UTS for water cooling vs. air cooling is 100.84 MPa, 
which is substantially higher. 
 
Table 4.7. Comparison of the averages of the measured and predicted values of ultimate tensile 
strength at the two levels of cooling rate and two levels of composition (MPa) 
 
Measured                     Predicted 
 Air Water   Air Water 
0.66 % 821.34 882.36  0.66% 821.34 882.36 
0.71 % 819.44 920.28  0.71 % 819.44 920.28 
 
 
4.2.3 Yield strength  
 
Yield strength of HISSs 
 
The yield strength of a material represents the stress at which a material starts to deform 
plastically. In Figure 4.5, the heat treated at 1200 ˚C for 2 hours and then air cooled CN66 (477.2 
MPa ) and CN71 (490.0 MPa) samples exhibited the decreased values of yield strength with as-
cast CN66 (481.8 MPa) and CN71(520.6 MPa). The heat treatment at 1200 ˚C for 2hours and 
subsequent water quenching affects the increased yield strength of CN66 and CN71 as 10.1 and 
34.5 MPa respectively, compared to as-cast CN66 (481.8 MPa) and CN71(520.6 MPa), whereas 
air quenching decreases the yield strength of CN66(477.2 MPa) and CN71(490.0 MPa). The yield 
strength of CN71 with various conditions has consistently higher values of yield strength than 





Figure 4.5. Yield strength (MPa) of as-cast and heat treated CN66 and CN71 as related to cooling 
rate 
 
Statistical Analysis of significant variables on Yield Strength 
 
The next set of experiments evaluated the effect of the three metallurgical variables on 
yield strength (YS). The yield strength of a material represents the stress at which a material starts 
to deform plastically. 
Table 4.8 shows the results of the statistical analysis for YS. The results show that again, 
only the main effect cooling rate is highly significant; for example, the cooling rate is at greater 
than the 99.9% level (P < 0.0005 and t = 5.17. Furthermore, the other main effects are not 
significant, and likewise, none of the interactions are significant. 
 
Table 4.8. Results of the analysis of the statistically significant effects on yield strength (MPa) 
Term Coefficient t P 
Constant 518.92 164.0 0.000 




When interpreting the information in Table 4.8, the equation that fits the experimental data 
is: 
YS = 518.92 + 16.37 (Cooling Rate)       (3) 
The value of cooling rate in Equation 3 is expressed in coded values (+1, -1). Table 4.9 shows the 
data obtained in this work, as well as the results of the data analysis. The average residual is only 
10 MPa, which corresponds to a relative value of 1.9%. These results indicate that the statistical 
analysis accurately portrays the variation in YS. 
 
Table 4.9. Experimental data for yield strength and values predicted by the statistical analysts, 
using the information in Table 4.8 (YS in MPa) 
 
Experimental Variables YS (MPa) YS 
Residual Composition 




Rate Measured Predicted 
0.66 2.0 Air 509.9 502.6 7.4 
0.71 2.0 Air 519.5 502.6 17.0 
0.66 4.0 Air 495.3 502.6 -7.2 
0.71 4.0 Air 506.0 502.6 3.5 
0.66 2.0 Water 518.2 535.3 -17.1 
0.71 2.0 Water 534.8 535.3 -0.5 
0.66 4.0 Water 517.9 535.3 -17.4 
0.71 4.0 Water 527.8 535.3 -7.5 
0.66 2.0 Air 493.7 502.6 -8.8 
0.71 2.0 Air 506.0 502.6 3.5 
0.66 4.0 Air 481.5 502.6 -21.1 
0.71 4.0 Air 508.4 502.6 5.9 
0.66 2.0 Water 555.4 535.3 20.2 
0.71 2.0 Water 543.0 535.3 7.7 
0.66 4.0 Water 537.9 535.3 2.6 
0.71 4.0 Water 547.4 535.3 12.1 
Average Residual 10.0 








4.2.4 Elongation  
 
 Elongation of HISSs 
 
Elongation measures ductility, which describes the extent to which solid materials can be 
plastically deformed without fracturing. Ductility is also characterized by a material’s malleability 
when manufacturing products. As a result, the development of a ductile material with high strength 
is encouraged for down-hole drilling applications. 
Figure 4.6 shows the results of the elongation of as-cast and heat treatment at various 
conditions of CN66 and CN71. It shows significant increased elongation values with heat 
treatment and increases in the cooling rate. For example, the average elongation value of water 
quenched CN71 is over 46.9 %, which is significantly higher than that of as-cast CN71, 13.7 %. 
This indicates that the ductility of the HISSs used in this study can be dramatically improved by 










Statistical Analysis of significant variables on Elongation 
 
These experiments have evaluated the effect of the three metallurgical variables on 
elongation. Elongation measures ductility, which is very important in describing the extent to 
which solid materials can be plastically deformed without fracturing. Ductility is also characterized 
by a material’s malleability, which is very important when manufacturing products. Given these 
considerations, the development of a ductile material with high strength is encouraged for down-
hole drilling applications. 
Table 4.10 shows the results of the statistical analysis for elongation. The results show that 
the main effect of the cooling rate is again highly significant; namely, at greater than the 99.9% 
level (P < 0.0005 and t = 4.88. Furthermore, the other main effects are not significant, and likewise, 
none of the interactions are significant. 
 
Table 4.10. Results of the analysis of the statistically significant effects on elongation in 25 mm 
(%) 
 
Term Coefficient t P 
Constant 35.872 20.93 0.000 
Cooling Rate 8.363 4.88 0.000 
 
When interpreting the information in Table 4.10, the equation that fits the experimental 
data is: 
Elongation = 35.872+ 8.363 (Cooling Rate)       (4) 
The value of the cooling rate in Equation 4 is expressed as coded values (+1, -1).Table 4.11 shows 
the data obtained in this work and the results of the data analysis. The average residual is only 5.0, 
which corresponds to a relative value of 14.9%. Since cooling rate is the only statistically 
significant variable, the data set can be considered to be two subsets with only the cooling rate as 
a variable. Cooling rate has two values in this analysis: “Air” and “Water.” The average of the 
elongation values for air cooling is 27.5, which is consistent with the value of 27.5 that was 
obtained in the statistical analysis. Similarly, the measured elongation for cooling in water is 44.2, 
which compares well with the value of 44.2 obtained in the statistical analysis. These comparisons 
affirm that the statistical tool has accurately identified the statistically important experimental 




Table 4.11. Experimental data for elongation in 25 mm (%) and values predicted by the statistical 
analysts, using the information in Table 4.10. 
 









Rate Measured Predicted 
0.66 2.0 Air 19.7 27.5 -7.8 
0.71 2.0 Air 25.8 27.5 -1.7 
0.66 4.0 Air 25.7 27.5 -1.8 
0.71 4.0 Air 31.8 27.5 4.3 
0.66 2.0 Water 53.6 44.2 9.4 
0.71 2.0 Water 45.0 44.2 0.8 
0.66 4.0 Water 54.4 44.2 10.2 
0.71 4.0 Water 48.7 44.2 4.5 
0.66 2.0 Air 33.7 27.5 6.2 
0.71 2.0 Air 31.8 27.5 4.3 
0.66 4.0 Air 24.4 27.5 -3.2 
0.71 4.0 Air 27.2 27.5 -0.4 
0.66 2.0 Water 28.1 44.2 -16.1 
0.71 2.0 Water 43.3 44.2 -0.9 
0.66 4.0 Water 40.4 44.2 -3.8 
0.71 4.0 Water 40.2 44.2 -4.0 
Average Residual 5.0 






4.2.5 Elastic Modulus 
 
Elastic Modulus of HISSs  
 
The elastic modulus (E) is a material property that describes a material’s stiffness, and is 
therefore one of the most important properties of solid materials. In Figure 4.7, the elastic modulus 
of CN71 shows higher values than those of CN61, with 37.7 MPa on average. The difference 
between the values of the elastic modulus of CN71 and CN66 with as-cast is 82.1 MPa. Given the 
effects observed in the present study, the elastic modulus increases with increases in the 
composition of carbon and nitrogen. For example, CN71 (0.71%, C+N %) that has a higher 
concentration of interstitial has a higher E value than that of CN66 (0.66%, C+N %), which can 
be explained through the effect of interstitial solid solution hardening (Rawers 2008). Byrnes et al. 
studied also the nitrogen alloying effects on a high interstitial stainless steel and found that the 
nitrogen increases the shear and Young modulus of HISSs (Byrnes, Grujicic et al. 1987). A high 
concentration of interstitial solid solutions can have an effect on the rigidity of material and is 
represented by the elastic modulus. 
 
 




Statistical Analysis of significant variables on Elastic Modulus  
 
The next set of experiments was conducted to determine the elastic modulus (E) of HISSs 
and evaluate the effect of the three metallurgical variables on E. The elastic modulus is a material 
property that describes its stiffness, and is therefore one of the most important properties of solid 
materials. 
Table 4.12 shows the results of the statistical analysis for E. The results indicate that the 
variable that passed the 95% significance screen is composition; namely, at greater than the 95.5% 
level (P = 0.045 and t = 2.20) as shown below. Furthermore, the other main effects are not 
significant, and likewise, none of the interactions are significant. 
 





When interpreting the information in Table 4.12, the equation that fits the experimental 
data is: 
E = 161.24+ 13.29 (Composition)      (5) 
The value of composition in Equation 5 is expressed as coded values (+1, -1). Table 4.13 shows 
the data obtained in this work and the results of the data analysis. The average residual is only 18.7 
GPa, which corresponds to a relative value of 12.7%. Since composition is the only statistically 
significant variable, the data set can be considered to be two subsets with only composition as a 
variable. The composition has two values in this study, 0.66 and 0.71%. The average of the E 
values for 0.66% is 148.0, which is consistent with the value of 148.0 that was obtained in the 
statistical analysis of the data. Similarly, the average of the measured E for a composition of 0.71% 
is 174.5, which compares well with the average value of 174.5 obtained from the statistical analysis. 
These comparisons affirm that the statistical tool accurately identified the statistically important 
experimental variable (composition) in this work. 
  
Term Coefficient t P 
Constant 161.24 26.66 0.000 
Composition 13.29 2.2 0.045 
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Table 4.13. Experimental data for elastic modulus (E in GPa) and values predicted by the statistical 
analysis, using the information in Table 4.12. 
 
Experimental Variables E (GPa) E 
Residual Composition 




Rate Measured Predicted 
0.66 2.0 Air 129.1 148.0 -18.8 
0.71 2.0 Air 158.3 174.5 -16.3 
0.66 4.0 Air 138.8 148.0 -9.1 
0.71 4.0 Air 192.1 174.5 17.5 
0.66 2.0 Water 96.3 148.0 -51.7 
0.71 2.0 Water 139.2 174.5 -35.3 
0.66 4.0 Water 154.6 148.0 6.6 
0.71 4.0 Water 166.5 174.5 -8.0 
0.66 2.0 Air 186.0 148.0 38.1 
0.71 2.0 Air 192.1 174.5 17.5 
0.66 4.0 Air 152.8 148.0 4.8 
0.71 4.0 Air 164.1 174.5 -10.4 
0.66 2.0 Water 154.3 148.0 6.4 
0.71 2.0 Water 197.5 174.5 23.0 
0.66 4.0 Water 171.6 148.0 23.6 
0.71 4.0 Water 186.5 174.5 12.0 
Average Residual 18.7 






4.2.6 Absorbed Energy  
 
Absorbed energy of HISSs 
  
The absorbed energy of HISSs was measured during tensile testing. This quantity, which 
is the area under the stress-strain curve, measures the amount of energy that a material can absorb 
when fractures. This value means the toughness of the material, which is defined by the 
combination of ductility and strength; therefore, a high toughness means that the material is both 
strong and ductile. 
Toughness is an essential property for down-hole drilling applications, because enhancing 
toughness can help avoid undesired failure and improve the malleability of a material. For these 
reasons, development of a material that has high values of toughness is strongly encouraged for 
down-hole drilling applications. 
As Figure 4.8 shows, absorbed energy was improved by heat treatment and increases 
substantially with increases in cooling rates. For example, the average absorbed energy of water 
quenched HISS (91.45 J) was over 79%, which is higher than that of the air cooled HISS (51.16 
J). This result indicates that water quenching can significantly improve the toughness of HISS used 


















Statistical Analysis of significant variables on Absorbed Energy  
 
The set of experiments in the present study have evaluated the effect of the three 
metallurgical variables on energy absorbed during tensile testing. Table 4.14 shows the results of 
the statistical analysis for energy. Cooling rate is the variable that passed the 95% significance 
screen, as shown below. The results show that the main effect of cooling rate is again highly 
significant; namely, at greater than the 99.9% level (P < 0.0005 and t = 5.68). The other main 
effects are not significant, and likewise, none of the interactions are significant.  
 
Table 4.14. Results of the analysis of the statistically significant effects on energy absorbed during 






When interpreting the information in Table 4.14, the equation that fits the experimental 
data is: 
Energy = 71.3+ 20.14 (Cooling Rate)       (6) 
The value of cooling rate in Equation 6 is expressed as coded values (+1, -1). Table 4.15 shows 
the data obtained in this work and the results of the data analysis. The average residual is only 10 
J, which corresponds to a relative value of 15.7%. Since cooling rate is the only variable that is 
statistically significant, the data set can be considered to be two subsets, with only cooling rate as 
a variable. Cooling rate has two values in this study, “Air” and “Water”. The average of the values 
for air cooling is 51.2 J, which is consistent with the value of 51.2 that was obtained by the 
statistical tool used to analyze the data. Similarly, the measured energy for water cooling is 91.4, 
which compares well to the value of 91.4 obtained through statistical analysis. These comparisons 
affirm that the statistical tool has accurately identified the statistically important experimental 
variable (cooling rate) in this work.  
Term Coefficient t P 
Constant 71.3 20.11 0.000 
Cooling Rate 20.14 5.68 0.000 
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Table 4.15. Experimental data for energy absorbed during tensile test (J) and the values predicted 
by the statistical analysis, using the information in Table 4.14. 
 
Experimental Variables Energy (J) Energy 
Residual Composition 




Rate Measured Predicted 
0.66 2.0 Air 35.8 51.2 -15.4 
0.71 2.0 Air 46.7 51.2 -4.4 
0.66 4.0 Air 49.4 51.2 -1.8 
0.71 4.0 Air 59.4 51.2 8.2 
0.66 2.0 Water 109.3 91.4 17.8 
0.71 2.0 Water 93.7 91.4 2.2 
0.66 4.0 Water 110.6 91.4 19.2 
0.71 4.0 Water 102.5 91.4 11.1 
0.66 2.0 Air 64.8 51.2 13.7 
0.71 2.0 Air 59.4 51.2 8.2 
0.66 4.0 Air 44.3 51.2 -6.8 
0.71 4.0 Air 49.5 51.2 -1.7 
0.66 2.0 Water 55.8 91.4 -35.7 
0.71 2.0 Water 91.0 91.4 -0.4 
0.66 4.0 Water 84.2 91.4 -7.3 
0.71 4.0 Water 84.5 91.4 -6.9 
Average Residual 10.0 






4.2.7 Charpy Impact Energy 
 
Charpy Impact Energy of HISSs  
 
The Charpy impact test, also known as the Charpy V-notch test, is a standardized high 
strain-rate test which determines the amount of energy that is absorbed by a material during 
fracture. This absorbed energy is a measure of a given material's notch toughness. This Charpy 
impact test could be complementary to the absorbed energy test discussed above. 
The Charpy impact energy, as defined above, is a measure of toughness. The high 
toughness value means that the material is both strong and ductile. According to the previous 
studies, hardness, ultimate tensile strength, yield strength, elongation, and elastic modulus (which 
are terms of strength and ductility) were all significantly affected by the cooling rate, composition 
of carbon and nitrogen, and interaction with each other.  
 
 
Figure 4.9. Charpy impact energy (J) of as-cast and heat treated CN66 and CN71 as related to 
cooling rate 
 
 For this reason, some factors which affect toughness can be examined through parameters 
such as cooling rate, composition of carbon and nitrogen, and the interaction of cooling rate and 
composition. According to the results, it can be naturally expected to predict that the IE values of 
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HISSs would be affected by these three factors. As Figure 4.9 shows, the values of CN71 (55.3 J) 
increased substantially, at 1,004 % higher than as-cast CN71(5.1 J) by water quenching, whereas 
those of CN66 (11.6 J) were in the same pooled standard deviation range.  
 
Statistical Analysis of significant variables on Absorbed Energy  
 
The set of experiments evaluated the effect of the three metallurgical variables on the 
Charpy impact energy (IE). Table 4.16 shows the results of the statistical analysis for IE. The 
results show that the variables that have passed the 95% significance screen are cooling rate and 
composition; the two-factor interaction of these main effects is shown below. The main effect of 
cooling rate is again highly significant; namely, they occur at greater than the 99.9% level (P < 
0.0005 and t = 5.21). The main effect of composition is also significant at the 99.9% level (P = 
0.001 and t = 4.50). Additionally, the two-factor interaction of cooling rate and composition is 
significant at the 99.9% level (P = 0.001 and t = 4.40). 
 
Table 4.16. Results of the analysis of the statistically significant effects on Charpy impact energy 
(J) 
Term Coefficient t P 
Constant 19.419 9.03 0.000 
Cooling Rate 11.194 5.21 0.000 
Composition 9.681 4.50 0.001 
(Cooling Rate)(Composition) 9.456 4.40 0.001 
 
When interpreting the information in Table 4.16, the equation that fits the experimental 
data is: 
IE = 19.419 + 11.194 (Cooling Rate) + 9.681 (Composition) + 9.456 (Rate) (Composition)  (7) 
The values of cooling rate and composition in Equation 7 are expressed as coded values (+1, -1). 
Table 4.17 shows the data obtained in this work and the results of the data analysis. The average 





Table 4.17. Experimental data for Charpy impact energy (IE in J) and values predicted by statistical 
analysis, using the information in Table 4.16. 
 
Experimental Variables IE (J) IE 
Residual Composition 




Rate Measured Predicted 
0.66 2.0 Air 7.2 8.0 -0.8 
0.71 2.0 Air 9.4 8.5 1.0 
0.66 4.0 Air 10.0 8.0 2.0 
0.71 4.0 Air 7.8 8.5 -0.6 
0.66 2.0 Water 12.3 11.5 0.8 
0.71 2.0 Water 35.1 49.8 -14.7 
0.66 4.0 Water 12.5 11.5 1.0 
0.71 4.0 Water 35.1 49.8 -14.7 
0.66 2.0 Air 7.1 8.0 -0.9 
0.71 2.0 Air 7.9 8.5 -0.5 
0.66 4.0 Air 7.7 8.0 -0.3 
0.71 4.0 Air 8.7 8.5 0.3 
0.66 2.0 Water 10.9 11.5 -0.6 
0.71 2.0 Water 67.4 49.8 17.7 
0.66 4.0 Water 10.2 11.5 -1.3 
0.71 4.0 Water 61.4 49.8 11.7 
Average Residual 4.3 





Since cooling rate and composition are the only variables that are statistically significant, 
the data set can be considered as four subsets, with only cooling rate and composition as a variable. 
Cooling rate has two values in this study: “Air” and “Water.” Likewise, composition has two 
values: 0.66 and 0.71%. Table 4.18 shows a comparison of the averages of the measured and 
predicted values of IE for the values of cooling rate and composition variables. 
The average measured and predicted IE values affirm that the statistical tool has accurately 
identified the statistically important experimental variables (cooling rate and composition) in this 
work. For example, in the case of air cooling and 0.66% composition, the measured IE is 8.0 J, 
which is the same as the predicted value. Likewise, the agreement in the other three cases is same. 
The effects are substantial; the highest IE (49.8 J) is 522.5% above the lowest IE (8.0 J). 
Also, since the two-factor interaction is significant, the sensitivity of IE to the cooling rate depends 
on the material’s composition. For example, for a composition of 0.66%, the IE for water cooling 
is 3.5 J greater for air cooling. For a composition of 0.71%, the IE for water cooling is substantially 
higher (41.3 J) than the value for air cooling. 
 
Table 4.18. Comparison of the averages of the measured and predicted values of Charpy impact 
energy (J) at the two levels of cooling rate and the two levels of composition used in 
this study 
 
Measured                    Predicted 
 Air Water   Air Water 
0.66 % 8.0 11.5  0.66 % 8.0 11.5 
0.71 % 8.5 49.8  0.71 % 8.5 49.8 
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 4.2.8 Wear Abrasive Resistance 
 
 Wear Abrasive Resistance of HISSs 
 
Abrasion wear resistance is essential to predicting the success of any alloy used in a down-
hole application. The wear resistance of a material and weight loss is considered in a contrary 
sense. If the material loses a great deal of weight during this test, the material has a low wear 
resistance. Concerning the effects observed in the present study, weight loss increases with 
increase in composition. For example, CN71 with 2 hours of heat treating and then water 
quenching has 1.1124g of weight loss, whereas CN66 under a similar condition has 1.0318 g of 
weight loss. Each condition of CN71 loses more weight than CN66 which, means wear resistance 
decreases with increase in composition. Heat treatment at 1,200 ºC improved the wear resistance 




Figure 4.10. Weight loss from the wear abrasive resistance test (g) of as-cast and heat treated CN66 






Statistical Analysis of Significant Variables on Wear Abrasive Resistance 
 
The set of experiments have evaluated the effect of the three metallurgical variables (alloy 
composition, heating time, and cooling rate during quenching) on abrasive wear resistance (weight 
loss) using three replicates for each value of the three variables used in this study. Table 4.19 
shows the results of the statistical analysis for weight loss. In assessing their significance, the main 
factors (3 factors), two-factor interactions (3 interactions) and the three-factor interaction (1 
interaction) were all initially considered. After analysis, the variable that passed the 95% 
significance screen is composition, as shown below. The results show that the main effect of 
composition is again highly significant; namely, its effect is at greater than the 99.9% level (P < 
0.0005 and t = 5.42). Furthermore, the other main effects are not significant, and likewise, none of 
the interactions are significant. 
 






When interpreting the information in Table 4.19, the equation that fits the experimental data is: 
Weight loss = 1.07582+ 0.03702 (Composition)     (Eq. 8) 
The value of composition in this equation is expressed as the coded values (+1, -1). 
 Table 4.20 shows the data obtained in this work and the results of the data analysis. The 
table shows the values of the three variables used in the present work (alloy composition, heating 
time, and cooling rate during quenching). Additionally, the table shows the measured values of 
weight loss plus the values fit by the statistical analysis that is used to identify the statistically 
significant effects. The table also shows the residuals in absolute terms, and in relative terms (%) 
using the measured weight loss values as a reference. 
The average residual is only 0.027 grams, which corresponds to a relative value of 2.5%. 
These results indicate that the statistical analysis accurately portrays the variation in weight loss 
with composition. 
Term Coefficient t P 
Constant 1.07582 157.37 0.000 
Composition 0.03702 5.42 0.000 
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Table 4.20. Experimental data for abrasive wear resistance (weight loss in grams) and values 
predicted by the statistical analysis, using the information in Table 4.19. 
 
  
Experimental Variables Weight loss (grams) Weight 
loss 






0.66 2.0 Air 1.004 1.039 -0.035 
0.71 2.0 Air 1.140 1.113 0.027 
0.66 4.0 Air 1.023 1.039 -0.015 
0.71 4.0 Air 1.100 1.113 -0.013 
0.66 2.0 Water 1.023 1.039 -0.016 
0.71 2.0 Water 1.096 1.113 -0.017 
0.66 4.0 Water 0.996 1.039 -0.043 
0.71 4.0 Water 1.036 1.113 -0.077 
0.66 2.0 Air 1.035 1.039 -0.004 
0.71 2.0 Air 1.102 1.113 -0.011 
0.66 4.0 Air 1.063 1.039 0.024 
0.71 4.0 Air 1.115 1.113 0.003 
0.66 2.0 Water 0.995 1.039 -0.044 
0.71 2.0 Water 1.088 1.113 -0.025 
0.66 4.0 Water 1.029 1.039 -0.009 
0.71 4.0 Water 1.095 1.113 -0.018 
0.41 2.0 Air 1.056 1.039 0.017 
0.56 2.0 Air 1.127 1.113 0.014 
0.41 4.0 Air 1.085 1.039 0.047 
0.56 4.0 Air 1.149 1.113 0.036 
0.41 2.0 Water 1.077 1.039 0.038 
0.56 2.0 Water 1.153 1.113 0.040 
0.41 4.0 Water 1.079 1.039 0.040 
0.56 4.0 Water 1.154 1.113 0.041 
Average Residual 0.027 
Average Residual 2.5% 
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Since composition is the only variable that is statistically significant, the data set can be 
considered to be two subsets with only composition as a variable. Composition has two values in 
this study: 0.66 and 0.71%. The average of the weight loss values for 0.66% is 1.039, which is 
consistent with the value of 1.039 that was obtained by the statistical tool used to analyze the data. 
Similarly, the measured weight loss for 0.71% is 1.113, which compares well to the value of 1.113 
that was obtained by statistical analysis. These comparisons affirm that the statistical analysis has 
accurately identified the statistically important experimental variable (composition) in this work.  
 
4.2.9 The effects of significant variables 
 
Table 4.21 shows the results of the statistical analysis and average residuals on eight types 
of mechanical properties. According to statistical analysis in the present study, rapid cooling rate 
and high C+N content were significant variables for all of the mechanical properties of HISSs. 
Rapid cooling rate suppresses the formation of undesirable chemical composites of carbon and 
nitrogen, and it increases the mechanical performances of the material. This hardening effect is 
caused by higher interstitial concentration, and strengthens the material by lattice expansion and 
restriction of dislocation movement (Rawers 2008). The result was consistent with hardening 
mechanisms of austenite steels, and it is known that the strengthening effect is controlled by 
morphology, transformation, and distribution of ferrite, which all affect the mechanical properties 
(Galibois, Krishnadev et al. 1979; Harrison and Farrar 1981; Tomita 1994). Further analysis is 
required to find and confirm the mechanisms in the present study. 
The most favorable HISSs properties are obtained with a high cooling rate and a high C+N 
content, except for wear abrasive resistance. Conversely, holding time was not a significant 
variable for any of the mechanical properties. This result was observed because welding research 
has shown that phase transformations in heat treatment typically occur within a few minutes (Çalik 
2009). The phase transformations or diffusion of carbon and nitrogen readily occur in the shortest 
heat treatment time used in the present work. Accordingly, this variable was not significant 





Table 4.21. The results of the statistical analysis of significant effects on seven types of mechanical 
properties 
 






hardness Cooling rate <0.0005 4.53 6.3% 
UTS 
Cooling rate <0.0005 10.06 
4.0% Composition 0.045 2.24 
Cooling rate * Comp. interaction 0.029 2.47 
Yield strength Cooling rate <0.0005 5.17 1.9% 
Elongation Cooling rate <0.0005 4.88 14.9% 
Elastic modulus Composition 0.045 2.20 12.7% 
Absorbed energy Cooling rate <0.0005 5.68 15.7 
Charpy impact 
energy 
Cooling rate <0.0005 5.21 
14.8% Composition 0.001 4.50 
Cooling rate * Comp. interaction 0.001 4.40 
Wear abrasive 
resistance Composition <0.0005 5.42 2.5% 
 
 
4.2.10 Comparison of HISSs with commercial steel for down-hole applications 
 
To assess the applicability of each alloy for down-hole applications, the mechanical 
properties of developed alloys were compared to Fe-Cr-Ni–based austenitic steels. These alloys 
are conventional stainless steels that are used in down-hole applications in sour gas well 
environments. Among these alloys, traditional low-carbon stainless steel (type 316L) was used for 
comparison with the HISSs, because type 316L is widely used in field applications that involve 
geo-technical tools, such as drill collars. 
 By way of comparison, the lowest hardness value of the HISS (95.4 HRB) shown in Table 
4.6 was higher than that of type 316L (79 HRB). Likewise, the lowest UTS value in the present 
study (797.0 MPa) was much higher than the value for type 316L stainless steel (558 MPa). The 
YS value of type 316L stainless steel is 290 MPa. The lowest YS value in this study (481.5 MPa) 
was 66% higher than the value for type 316L stainless steel. These values show that the properties 
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of the HISSs from the present study are significantly better than those of type 316L applications 
already used in down-hole drilling. 
 The elongation values of water-quenched HISS are slightly lower than those of type 316L 
stainless steel (elongation in 50 mm, 50%). The elastic moduli of the two steels are similar. For 
example, the value for type 316L is 193.0 GPa, and the average elastic modulus of CN71 value is 
174.5 GPa, which is slightly lower than the value for type 316L stainless steel. However, the 
highest modulus of CN71 (197.5 GPa) is similar to that of type 316L (AKsteel 2007). 
The energy absorbed during tensile testing and the Charpy impact test both quantify the 
toughness of these materials. Type 316L has very high toughness, as compared to other austenitic 
steels (88 J) (Read, McHenry et al. 1980). By way of comparison, the average energy absorbed 
during tensile testing of water-quenched HISS from the present study was 91.4 J, and the highest 
value for HISS was 110.6J. The highest HISS result is 25.5 % higher than that of type 316L. The 
highest Charpy impact test value of the HISS in the present study was 67.4 J, which is also much 
higher than that of type 316L (63 J) (Ibrahim, Ibrahim et al. 2010). The IE values of water-
quenched HISS show a large variation because this property is sensitive to both composition and 
cooling rate.  
 
4.3 Strengthening Mechanisms of HISSs with Carbon and Nitrogen Interstitials 
 
Based on the statistical analysis of the results of the significant variables on mechanical 
properties, extensive analyses of microstructure, element quantitative mapping, crystal structure, 
and chemical bonding of HISSs were performed to understand the strengthening mechanisms of 
HISSs. 
 
4.3.1 Dissolution of Carbon and Nitrogen by Heat treatment 
 
The microstructures of HISSs with various heat treatments and composition conditions 
were investigated using  an optical microscope (OM) to understand the effects of significant 
variables. As Figure 4.11 shows, the microstructures of as-cast CN66 and as-cast CN71 samples 
show a pearlite structure (black). Pearlite is considered the region that contains rich carbide and/or 
nitride and cementite, which can impair the mechanical property of an alloy. According to previous 
68 
 
research, since most carbides and/or nitrides can dissolve at 900ºC, solution treatment and then 
two types of cooling media with different cooling rates were adopted. Those microstructures were 
investigated to find the effects on the improvement of ductility and toughness in austenitic steels 
(Charles and Bernhardsson 1991). 
As described in the statistical analysis, a rapid cooling rate and high C+N content were 
significant variables for all mechanical properties of HISSs. The microstructures of water-
quenched CN66 and water-quenched CN71 samples show a similar amount of pits (black dots in 
Figure 4.12) with that of the air-cooled samples (black dots in Figure 4.13). Further elemental 
quantitative analysis is required to find the difference between air-cooled and water-quenched 
specimens, which will be discussed in the next section  
C+N content described “composition” in statistical analysis was also a significant variable 
for the mechanical properties of HISSs, such as ultimate tensile strength, elastic modulus, and 
Charpy impact energy, even though the composition difference is only 0.05 wt. %. In Figure 4.11 
and 4.12, the differences between as-cast and air-cooled HISS did not stand out, but the 
microstructure of water-quenched CN66 and CN71 shows significant differences among grain size 
and fraction. For this reason, the ferrite volume fraction of each specimen was measured to 
investigate the effects of the C+N composition on the mechanical properties of HISSs, and these 
results are discussed in Section 4.3.3. 
 
 
    (a)         (b) 





 (a)         (b)  
Figure  4.12. Microstructures (OM) of heat-treated at 1200ºC for 2 hours and then air cooled CN66 
(a) and CN71 (b) at x200 
 
 
  (a)         (b)  
 
Figure 4.13. Microstructures (OM) of heat treated at 1200ºC for 2 hours and then water-quenched 
CN66 (a) and CN71 (b) at x200 
 
4.3.2 Distribution of elements in matrix 
 
The possibility of solid solution strengthening was identified by the dissolution of pearlite 
in microstructural analysis of HISSs. According to previous work, rapid cooling after heat 
treatment suppresses the formation of undesirable carbides and/or nitrides (pits) so that carbon and 
nitrogen remain in the steel matrix, which optimizes the mechanical properties of the alloy (Byrnes, 
Grujicic et al. 1987; Groh 1996; Schmalt, Berns et al. 2004; Çalik 2009; Olasolo, Uranga et al. 
2011). As a result, the mechanical properties of interstitial steel are improved by the resulting 
increase of the concentration of interstitial elements through interstitial solid solution hardening. 
On the other hand, the hardness of as-cast CN66 shows a higher HRB (99.0 HRB) than that 
of air-cooled (95.5 HRB) and water-quenched (97.0 HRB) samples. This finding is due to the fact 
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that the pearlite phase has a higher hardness than ferrite and austenite, so this trend of hardness in 
the present study is consistent with the overall properties of phases. 
In order to find the differences between air-cooled and water-quenched HISSs, quantitative 
compositional mapping obtained by electron-probe microanalysis (EPMA) and backscattered-
electron (BSE) images. Figure 4.14 shows the backscattered-electron stage map (a) and carbon 
quantitative map (b) of as-cast CN66. As described in the microstructure analysis, pearlite consists 
of cementite and ferrite that exist in as-cast samples of HISSs. The bright area, which is the pearlite 
structure, has a high carbon concentration due to cementite, and it can impair the mechanical 
properties of HISSs by increase the hardness along with brittleness, which decreases the overall 
strength of material. This analysis is consistent with the results from the analysis of the 
microstructures of as-cast HISSs. 
As Figure 4.15 (b) shows, the pearlite area was not observed, but thin areas (bright areas) 
with a high carbon concentration, along with the grain boundary of ferrite, were detected. This 
area indicates that the segregation or formation of undesired chemical compositions, such as 
carbide, have a high carbon concentration, and that this formation nucleates some favorable 
occupation places in systems that contain defects, such as vacancies, dislocations, and grain 
boundaries (Lei, Xiaolin et al. 2010). 
In Figure 4.16, the bright area which is expected to be segregations along with grain 
boundaries is barely shown in the carbon quantitative map of water-quenched CN66 (4.16 (b)), as 
compared with that of the air-cooled sample (4.15 (b)). When carbon in the alloy cools from the 
austenization temperature (1,200ºC in the present study), the solubility limits of carbon in ferrite 
are commonly exceeded. Under slow cooling conditions, carbides are formed, but at faster cooling 
rates (such as water-quenching, used in the present study), carbon may be trapped in a solid 
solution (GLOVER, McGRATH et al. 1977). As a result, the formation of undesired precipitates 
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(a)      (b) 
Figure 4.16. Backscattered-electron stage map (a) and carbon quantitative map (b) of water 
quenched CN66 
 
As Table 4.1 confirms through chemical composition analysis, the concentration of carbon 
and nitrogen of HISS is consistent, regardless of heat treatment. Only the formation and 
segregation of carbides along the ferrite grain boundary will decrease the total amount of interstitial 
concentration in an austenite matrix. As a result, as-cast samples have weaker and more brittle 
properties (elongation, absorbed energy, UTS, Charpy impact energy, and abrasive wear resistance) 
than those of heat-treated samples of HISS—which is due to the decreasing effect of interstitial 
solid solution strengthening. 
 To see the effects of the amount of carbon and nitrogen content in HISSs, the carbon 
distribution of CN66 and CN71 with various heat treatment conditions were compared with EPMA 
mapping. As-cast CN71 shows pearlite and/or carbides in the mapping image; likewise, that of 
CN66 is shown in Figure 4.17. The area of pearlite and/or carbide in CN71 is larger than that of 
CN66. This finding is attributed to the higher concentration of carbon and nitrogen in CN71 than 
CN66. According to the previous study on the cooling rate of steel, the steel containing higher 
concentration of carbon and nitrogen tends to form more carbides and/or nitrides, due to the 










However, if the cooling rate is fast enough to inhibit the formation of pearlite and/or carbide, 
air cooled and water quenched CN71 shows a lesser amount of carbon condensed area than that of 
CN66. Many researchers have confirmed the role of nitrogen in this process. Nitrogen addition 
suppresses the formation of precipitates, such as carbide and/or nitride (Gavriljuk and Berns 1999). 
They found that nitrogen increases free electron concentration in steels and enhances the metallic 
component of atomic interactions. This type of interaction in steels suppresses the formation of 
carbide and/or nitride and offers short-range ordering (Balanyuk, Gavriljuk et al. 2000; Gavriljuk, 
Shanina et al. 2000). This theory was confirmed by comparing CN66 and CN71with air cooled 
and water quenched heat treatment conditions (shown in Figure 4.17), and the difference of carbon 
distribution is significant, even though the nitrogen concentration gap between CN66 and CN71 
is only 0.06 wt. %. 
In tensile properties, UTS, elongation, elastic modulus, and yield strength, CN71 show 
much improved performances than those of CN66, and can be explained by the result of the 
increased amount of solid solution due to well-distributed interstitial elements. The increased 
nitrogen content affects the increased amount of the solid solution. 
 
4.3.3 The Effect of Heat Treatment Condition on Ferrite Volume Fraction of HISSs 
 
The HISSs in the present study is mainly composed of ferrite, austenite, and precipitates 
(pearlite consists of ferrite and cementite). The volume fraction of ferrite significantly affects the 
mechanical properties of the steel. The microstructure of water-quenched CN66 shows that it has 
over 50µm ferrite grain size, whereas water-quenched CN71 has a ferrite grain size of lesser than 
20 µm, despite the same cooling rate and only 0.05wt% difference of nitrogen content, as shown 
in Figure 4.13. As a result, it is natural to expect that the ferrite volume fraction in CN66 and CN71 
would be significantly different from one another. 
The ferrite volume fraction was measured by ferrite content measurement, Fischer 
FERITSCOPE MP30. Generally, water quenching ( > 130 °C/s) has the fastest cooling rate, and 
the as-cast sample is heat treated at lower cooling rate than the air-cooled sample ( > 1 °C/s), due 
to its size effect (Dhua, Mukerjee et al. 2003). In this point of view, the ferrite volume fraction is 
increased as the cooling rate increases; for example, the ferrite fractions of samples with 2 hours 
of heat treatment and air cooling (CN66: 5.76 %; (CN71: 3.84 %) are twice as high as those of as-
75 
 
cast CN66 and CN71, and are 3.36, 1.03, respectively. Likewise, the ferrite volume fraction of 2 




Figure 4.18. Ferrite volume fraction of HISSs(CN66 and CN71) as related to cooling rate 
 
The increase in ferrite volume fraction through fast cooling rate is related to austenite 
formation from retained ferrite. The residual ferrite content of primary-ferrite solidified alloys 
increases with increasing cooling rate, due to the higher amount of original ferrite that solidifies 
from the melt and the reduced amount of transformation that occurs at high rates (Elmer, S. M. 
Allen et al. 1989). In addition, rapid cooling resists formation of undesired second phases 
(GLOVER, McGRATH et al. 1977) and increases the fraction of ferrite. 
The ferrite fractions of CN66 have higher values at each condition than those of CN71, and 
it is clear that increasing the nitrogen concentration increases the fraction of austenite while 
resulting in less ferrite volume fraction (Park and Lee 2001). 
In abrasive wear resistance, the weight loss is decreased as the cooling rate increases. For 
example, the weight loss of CN66 and CN71, which have the same conditions (2 hours heat 
treatment, air cooled) is 1.0315 g and 1.1228 g respectively, and these values are 11.4 % and 6.5 % 
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lower than those of as-cast CN66 and CN71 (1.1641 g and 1.1998 g respectively). Likewise, the 
weight loss of CN66 and CN71 with 2 hours heat treatment and water-quenched condition (1.0318 
g and 1.1124 g respectively) are lower than those of as-cast CN66 and CN71. The decreased weight 
loss means increased wear resistance, and as a result, a faster cooling rate enhances the abrasive 
wear resistance of HISSs. Abrasive wear resistance is generally related to the hardness property of 
steels, and the ferrite phase is brittle and hard, as compared to austenite phase. This finding 
confirms that the abrasive wear resistance of HISSs increases as the fraction of ferrite in HISSs 
increases (Galibois, Krishnadev et al. 1979; Harrison and Farrar 1981; Tomita 1994). 
 
4.3.4 The Effect of Lattice Expansion by Interstitial Solid Solution in HISSs 
 
Interstitial solid solution strengthening occurs when the formation of interstitial solid 
solution impedes the movement of dislocation and prevents it from moving further (Rawers 2008). 
Interstitial solid solutions require greater stress or thermal energy for the dislocation to move 
around the impeding atom. The degree of strength imparted by the alloying element depends on 
the relative difference in size, which creates more distortion of the crystalline lattice, and a 
material’s overall mechanical strength can be improved by an increase in the total amount of 
interstitial solid solutions. (Nakada and Keh 1968; Reed-Hill and Abbaschian 2009) 
The crystalline lattice parameter was investigated to identify the effects of lattice expansion 
due to interstitially alloyed carbon and nitrogen, as well as any improvements to the mechanical 
properties of HISSs. The lattice parameters of HISSs with various conditions were calculated by 
two types of calculations: Bragg’s law with the plane-spacing equation for the cubic system and 
the Rietveld refinement method. 
The present study used x-ray diffraction analysis to investigate the shifted peaks, due to 
the lattice strain (Fultz B. and Howe 2013). For calculating d-space, the austenite phase (100) plane 
was chosen. Its comparison to the lattice parameter of face-centered cubic austenite is 3.591 Å. 
Figure 4.19 shows the calculated lattice parameters of HISSs with various conditions, including 
as-cast, heat treated at 1200ºC for 2hours and then air-cooled or water-quenched CN66 and CN71. 
The smallest lattice parameter was 3.606 Å, and as-cast CN71 shows that the lattice parameters of 
HISSs are higher than that of general face-centered cubic austenite (3.591 Å). This finding is due 















Figure 4.19. Calculated lattice parameters of as-cast, heat treated at 1200ºC for 2 hours and then 
air cooled or water quenched CN66 and CN71, obtained by combining Bragg’s law 
with the plane-spacing equation for the cubic system. 
 
Figure 4.19 shows that the lattice parameter is increased by heat treatments; especially the 
lattice parameter of CN71, where the heat treated at 1200ºC for 2 hours and water-quenched 
condition has a result of 3.648 Å, which is 0.042 Å as higher than that of as-cast CN71 (3.606 Å). 
Moreover, CN71 treated at 1200ºC for 2 hours and then water quenched condition has a 0.022 Å 
higher lattice parameter than that of CN66 under the same conditions (3.626 Å). 
To confirm the results of the calculated lattice parameters obtained by combining Bragg’s 
law with the plane-spacing equation for the cubic system; Rietveld refinement was also used 
(Figure 4.20). In accordance with the result by calculation using combining Bragg’s law with the 
plane-spacing equation for the cubic system, the trend of the increased lattice parameter by 
increase in cooling rate is consistent. For example, the lattice parameter of CN71 treated at 1200ºC 
for 2 hours and then water quenched (3.626 Å) increased by 0.014 Å, compared with that of the 
as-cast samples (3.612 Å), and 0.001 Å higher than that of CN66 under the same conditions. The 
lattice parameter value difference at each condition between two types of calculation is only 0.007 




















Figure 4.20. Calculated lattice parameters of as-cast, heat treated at 1200ºC for 2hours and then 
air -cooled or water-quenched CN66 and CN71, by Rietveld refinement. 
 
Interstitial carbon and nitrogen atoms distort the fcc lattice, causing an expansion of the 
lattice and producing solid solution strengthening of austenite (McGuire 2008). The heat treatment, 
at 1200ºC for 2 hours and then water quenched, enhances the mechanical properties: 
The ultimate tensile strength of CN71 (2 hours, 1200ºC, water quenching) is 116% higher 
than that of as-cast CN71. This condition also shows 106% increased yield strength, 342 % 
increased elongation, 179% increased absorbed energy, 1,004% increased Charpy impact energy, 
and 7% decreased weight loss (increased wear resistance). 
These results are consistent with the strengthening mechanism through an expanded lattice 
due to the presence of an interstitial solid solution (Nakada and Keh 1968; Rawers 2008). In 
addition, as-cast CN71 (3.612, 3.606 Å, respectively) has smaller lattice parameters than those of 
as-cast CN61 (3.618, 3.618 Å, respectively) in the present study. As described in the carbon 
quantitative mapping analysis, as-cast CN71 contains more carbide and/or nitride, and the degree 
of lattice expansion of as-cast CN71 is considered to be lower than that of CN66 due to less amount 






















4.3.5 The Effect of Precipitates on Abrasive Wear Resistance of HISSs 
 
As Figure 4.17 shows in the carbon quantitative map, the carbon condensed area is 
expected to have precipitates, such as chromium carbide and chromium nitride, because these 
compounds generally have the lowest thermodynamic energy in this system (Smith 1993). A 
surface-sensitive quantitative analysis was carried out to investigate the effects of these 
precipitates. 
In order to investigate the bonding status of chromium, carbon, and nitrogen, X-ray 
photoelectron spectroscopy (XPS) was performed on the HISSs. However, chromium carbide 
precipitates were not analyzed, because they were sometimes contaminated by oxygen. 
Additionally, the diameter of the incident beam was bigger than the precipitates, which involved 
a signal coming both from the precipitate and the alloy matrix (Detroye, Reniers et al. 1999).  
In general, the observation of Cr 2p shifted to a higher binding energy (575 eV), and 
together with a higher intensity envelope of the Cr 2p3/2 peak indicates the formation of some 
Cr(N,O) and oxide Cr2O3 species (Conde, Cristóbal et al. 2006). According to the standard data 
and research, the CrN peak should be centered at 575.8 eV, and the component observed at 574.4 
eV would relate to metallic Cr. The peak of 576.3 could be related to passive layers of Cr2O3 with 
some contribution from Cr2N, whose binding energy is very close to the oxide. The peak at 577.1 
and 578.6 represents to the complicated chemical compositions such as Cr(OH)3 and Cr2(SO4)3, 
respectively (Wanger 1992; Zhou, Bai et al. 2003; Keller and Strehblow 2004). Table 4.22 presents 
the area fraction and full width at half maximum (FWHM), which is an expression of the extent 
of a function and of each component, and was calculated by an XPS fitting program (OriginPro 
8.5). 
Figure 4.21 shows the Cr 2p3/2 peaks fitting for as-cast CN66. The peak is composed of 
CrN, Cr2N/Cr2O3, Cr(OH)3 and Cr2(SO4)3, but those of water quenched CN66 shows only the 
peaks of CrN, Cr2N/Cr2O3, and Cr(OH)3 without the peak of Cr2(SO4)3 in Figure 4.23. The heat 
treatment and water quenching reduces the chromium oxide and eliminates the fraction of 
Cr2(SO4)3, and the fraction of this compound in CN71 also decreases by heat treatment and water 

































Figure 4.22. XPS Cr 2p3/2 peaks fitting for heat treated at 1200 ºC for 2 hours and then air cooled 
CN66 submitted to 1000s of stripping 
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Figure 4.23. XPS Cr 2p3/2 peaks fitting for heat treated at 1200 ºC for 2 hours and then water 




Table 4.22. The value of FWHM and the fraction of each composition by XPS quantitative analysis 
Specimen FWHM CrN Cr2N/Cr2O3 Cr(OH)3 Cr2(SO4)3 
 As-cast 0.76 26.86 34.53 22.81 15.79 
CN66 2h Air 0.69 20.35 40.35 25.73 13.57 
 2h Water 0.95 43.85 34.55 21.60 - 
 As-cast 0.89 - 40.46 43.53 17.65 
CN71 2h Air 0.76 16.58 40.95 30.14 12.33 
 2h Water 0.78 10.80 41.59 33.62 14.00 
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Figure 4.24. XPS Cr 2p3/2 peaks fitting for as-cast (a), heat treated at 1200 ºC for 2 hours and then 
air cooled (b), or water quenched (c) CN71, submitted to 1000s of stripping 
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Note the fraction of CrN present in the HISSs. According to previous studies, CrN has been 
widely used for a coating material because of its good mechanical properties, including wear 
resistance, low friction coefficient, and high hardness; and chemical properties, including 
oxidation and corrosion resistance. CrN also has a has higher wear resistance property than Cr2N 
(Kawashima, H. Kawabata et al. 1996; Conde, Cristóbal et al. 2006). 
As shown in Figure 4.23 and Table 4.22., the red fitted peak line represents CrN binding 
stage, and the fraction of CrN in water quenched CN66 shows the highest value (43.58 %) when 
compared with that of air cooled or as-cast CN66 (20.35, 26.86 % respectively). Figure 4.24 
consistently shows this trend in the case of CN71. As shown in Figure 4.24 and Table 4.22., as-
cast CN71 does not have the fraction of CrN bonding, but the specimens that were heat treated at 
1200 ºC for 2 hours and then air-cooled (16.58 %) or water-quenched (10.80%) have a small 
fraction of CrN bonding, as compared as those of CN66. This finding shows that CN66 under each 
condition has a higher volume fraction of CrN precipitate than that of CN71 under the same 
conditions. 
 The CrN fraction of HISSs changes by heat treatment, cooling rate, and carbon +nitrogen 
concentration (CN66, CN71), and these changes are shown through the relationship to the wear 
resistance of HISSs. According to previous studies of wear resistance and the amount of CrN 
bonding, the amount of CrN precipitate controls the abrasive wear property in material. As the 
amount of CrN bonding increases, the wear resistance also increases (Hawk, Simmons et al. 1994). 
In accordance with this research, in the present study, the highest wear resistance (smallest weight 
loss, 1.0318 g) belongs to the specimen with the highest number of the fraction of CrN precipitates 
(43.58 %), which is the water-quenched CN66. In addition, CN66 shows higher values of wear 
abrasive resistance and CrN fractions than does CN71. 
 
4.4 Corrosion properties of HISSs 
 Final Report on the “Development and Characterization of High Strength Steel for Down-
Hole Application in Sour Environment with Superior Corrosion and Wear Resistance”, Walid 
Khalfaoui, PhD and Bruce R. Palmer, PhD was cited and noted in this chapter (Khalfaoui and 
Palmer 2014).  
 To assess the applicability of each alloy for the down-hole drilling application in sour 
environments, excellent good corrosion properties are required. In present study, corrosion 
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properties of HISSs are examined by atmospheric immersion tests in salt water, electrochemical 
polarization tests, and sour-brine immersion tests.  
 
4.4.1 Atmospheric Corrosion Tests in Salt Water 
 
The corrosion behavior of the HISSs and the benchmark alloys was intensively studied 
through immersion of the samples in 3.5% NaCl solution. The weight loss corrosion test consists 
of immersing the specimen into the sodium chloride solution and measuring the weight loss due 
to corrosion over time. Table 4.23 shows the corrosion rates calculated from the weight loss 
measurements. The corrosion rates show that the developed high HISSs when heat treated 
(CN66HT1050, CN66HT1180, CN71HT1050, and CN71HT1180) are as resistant as the 
benchmark alloys to corrosion in a 3.5 wt. % sodium chloride solution. 
 
Table 4.23. Corrosion rates at 25°C under atmospheric pressure in a 3.5 wt. % NaCl solution at 







397-26 640 0.015 
2507 640 0.020 
Super13 640 0.244 
17-4PH 640 0.138 
Questec 640 0.008 
AISI 304 524 0.235 
CN66 as cast 476 9.033 
CN66HT1050 476 0.012 
CN66HT1180 476 0.506 
CN71 as cast 210 1.811 
CN71HT1050 210 0.020 






4.4.2 Electrochemical Polarization Tests 
 
 The potentiodynamic technique is used to examine the overall corrosion behavior of a 
system. In this work, the potential of the metal specimens was slowly swept over a very wide 
potential range. During the sweep, the metal sample may undergo different electrochemical 
reactions, which result in anodic and cathodic cell currents that may vary over many orders of 
magnitude. 
The graphical output of the experiment is a plot of log current density versus potential (see 
Figures 4.25–4.27). Analysis of the curve yields the corrosion potential, corrosion rate, and 
potential region for passivity. The polarization scan of the CN66HT1180 (see Figures 4.26 and 





Figure 4.25. Polarization curves of the CN71 specimens-effect of heat treatment (Khalfaoui and 
Palmer 2014) 
 
The polarization curves show that current density range of the active region is 10-7 to 10-6 
A/cm2 for all of the stainless steels. This indicates that the corrosion rates of the stainless steels are 
similar which confirms the results of the weight-loss tests. Table 4.24 shows the pitting potentials 
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of each alloy determined from the polarization curves. Higher the pitting potentials correspond to 























Comparison of the pitting potentials indicates that heat treatment significantly enhances 
pitting resistance (see Figure 4.25). As shown, the CN71 as-cast corrodes actively. This occurs 
because the alloying elements (chromium, nitrogen) are not distributed homogenously, and the 
majority of the nitrogen and carbon are concentrated in precipitates. Heat treatment at 1,050 ˚C 
slightly increased the pitting potential, since the dissolution of the precipitates was partial. Heat 
treatment at 1,180˚C significantly improved the resistance to pitting corrosion, since all the 
nitrogen and carbon are dissolved in the interstitial sites. 
A comparison of the pitting potentials of CN66HT1180 and CN71HT1180 shows that the 
higher content of nitrogen in the CN71HT1180 (0.44 wt.% nitrogen) alloy gives better resistance 
to pitting corrosion than that of CN66HT1180 (0.38 wt.% nitrogen). Finally, CN71HT1180 has 
the highest pitting potential among the benchmark alloys in a 3.5 wt. % NaCl solution. 
 
 
Table 4.24. Pitting potentials of the alloys involved in the present study (Khalfaoui and Palmer 
2014). 
 
Alloy Pitting potential [mV] 
CN66HT1180 61 








4.4.3 Sour-Brine Environment Immersion Tests 
 
Corrosion of the as-cast CN66 and CN71 alloys, the heat treated CN66 and CN71 alloys, 
and the benchmark alloys was characterized by immersion tests in a high-pressure high-
temperature autoclave. Two tests were performed: one test ran for 30 days and the second test ran 
for 40 days. Table 4.25 reports a description of the tested specimens and the results from the tests. 
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In most instances, the weight after the test is slightly higher than the initial weight, probably 
because of the weight of the corrosion products deposited on the specimen. Changes in weight 
were relatively small; in many cases, they approached the detection limit of the experiment, which 
was 0.1 mg. The increase in weight of the specimens occurs because metals typically gain weight 
in the initial stage of corrosion as sulfur combines with the metals in the alloy. In most cases, 
metals subsequently lose weight as the corrosion products, usually sulfide compounds, detach from 
the surface. In the present case, the corrosion products do not significantly detach from the surface 
in the time involved it these tests indicating that the alloys exhibit very good corrosion resistance. 
Figure 4.28 shows visual aspects of the specimens exposed to the sour environment before 
and after the test is reported (40-day test). The specimens after the immersion test look lightly 
oxidized. No severe pitting corrosion was observed. 
 
 
Figure 4.28. CN71 and the benchmark stainless steels before and after the sour immersion test 





Table 4.25.  Weight change of the HISSs and benchmark samples during exposure to acid-gas 
chloride brine at 120°C (Khalfaoui and Palmer 2014) 
 
Specimen Test Duration Weight Loss Area Corrosion rate 
Nomenclature [days] [mg] [cm2] [mg·dm-2·day-1] 
CN66 as cast 30 1.5 9.32 0.54 
CN66HT1180-3W 30 2.3 8.83 0.87 
CN66HT1050-3W 30 0.3 7.68 0.13 
17-4PH 30 1.1 15.09 0.24 
2507 30 0.8 15.77 0.17 
CN66HT1180-3W-1 40 0.9 6.58 0.34 
CN66HT1180-3W-2 40 100.0 4.83 51.76 
CN66HT1050-3W-1 40 -203.0 5.74 -88.41 
CN66HT1050-3W-2 40 0.6 5.93 0.25 
CN71HT1180-3W-1 40 0.3 10.34 0.07 
CN71HT1180-3W-2 40 0.6 8.09 0.19 
CN71HT1050-3W-1 40 0.1 10.19 0.02 
CN71HT1050-3W-2 40 0.5 9.14 0.14 
CN71HT1200-2A-1 40 0.0 6.05 0.00 
CN71HT1200-2A-2 40 0.0 5.04 0.00 
CN71HT1200-2W-1 40 0.1 3.18 0.08 
CN71HT1200-2W-2 40 0.0 4.65 0.00 
CN66HT1200-4A-1 40 0.3 3.35 0.22 
CN66HT1200-4A-2 40 -0.2 4.48 -0.11 
CN66HT1200-2A-1 40 0.1 4.13 0.06 
CN66HT1200-2A-2 40 0.0 3.58 0.00 
CN71HT1200-4W-1 40 0.8 4.48 0.45 
CN71HT1200-4W-2 40 0.5 3.03 0.41 
CN66HT1200-4W-1 40 0.7 4.46 0.39 
CN66HT1200-4W-2 40 0.3 3.21 0.23 
CN66HT1200-2W-1 40 0.4 4.57 0.22 
CN66HT1200-2W-2 40 0.4 3.33 0.30 
CN71HT1200-4A-1 40 0.1 2.78 0.09 
17-4PH-1 40 -1.0 14.23 -0.18 
17-4PH-2 40 -0.8 13.52 -0.15 
2507-1 40 0.0 16.05 0.00 
2507-2 40 0.4 14.92 0.07 
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CHAPTER 5 CONCLUSIONS 
 
5.1 Concluding Remarks 
 
This work has involved extensive research on the fundamentals of the strengthening 
behavior of high interstitial stainless steels (HISSs) due to alloying carbon and nitrogen in stainless 
steel for the various strengthening mechanisms considered. Two types of HISSs, CN66 and CN71, 
which are composed of ferrite and pearlite in an austenite matrix, were produced by induction 
melting at air atmospheric pressure. General characteristics of these steels were investigated, 
including their chemical compositions, microstructures, density, and phase analysis. Experiments 
were designed to perform extensive studies of the mechanical properties of these steels to 
investigate both the mechanical performance of these two HISSs and the effects of processing 
parameters, such as heating time, cooling rate, and carbon + nitrogen concentration. The 
relationships between structure, properties, and performance of the resulting HISSs were examined 
through microstructure analysis, distribution of interstitial elements, crystal structure, and surface 
chemical bonding. For the goal of obtaining a low-nickel austenitic stainless steel with superior 
mechanical and corrosion properties for down-hole applications (specifically drill collar materials), 
the present study compares these properties of HISSs with those of commercial steels at various 
conditions, including those of sour gas well environments. 
 
5.2 Mechanical Properties of HISSs and Statistical Analysis 
 
• To determine the mechanical properties of these interstitial steels, tensile strength tests, 
Rockwell hardness tests, and Charpy tests were conducted. Experimental correlations were 
obtained between the metallurgical parameters and the mechanical properties of the steels. 
• All the mechanical properties were increased by heat treatment with rapid cooling rate and 
increase in concentration of carbon + nitrogen, except for wear resistance and hardness 
properties. 
• According to the results, fast cooling rate and high carbon + nitrogen composition were 
significant variables on all mechanical properties in the present study, which include hardness, 
UTS, yield strength, elastic modulus, elongation, absorbed energy, Charpy impact energy, and 
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wear abrasive resistance. All the values of significant variables for each test are comparatively 
high (p value range: 0 - 0.045). 
• To assess the applicability of each alloy for the down-hole drilling application, the 
mechanical properties of HISSs were compared to Fe-Cr-Ni based non-magnetic austenitic 
steels, type 316L, which are used presently in down-hole application in sour gas well 
environments. The lowest UTS value in this study (115.6 ksi) was much higher than the value 
for type 316L stainless steel (84 ksi). The abrasive wear resistance test showed that the weight 
loss of type 316L (1.216 g) is 5.3 % higher than that of CN56, which has the highest weight loss 
values, represented by a low wear resistance (1.154 g). These results show that the wear 
performance and strength were a distinct possibility for various applications, including down-
hole drilling application. 
  
5.3 Strengthening Mechanisms of HISSs 
 
• Based on the statistical analysis results of the significant variables on mechanical properties, 
extensive analyses were studied to understand the strengthening mechanisms of HISSs. First, the 
microstructure analysis revealed that a pearlite phase with high carbide and/or nitride can be 
dissolved in the matrix by heat treatment at 1,200 ºC. Such a heat treatment can increase the 
concentration of interstitial elements in steels. 
• The distribution of elements in HISSs was investigated by quantitative mapping using 
EPMA. The area with a high carbon concentration (carbide/cementite) is decreased by increase 
in the cooling rate and C+N content. The rapid cooling and higher nitrogen concentration could 
inhibit the formation of undesired precipitates and/or carbide, due to the process allowing 
insufficient time for them to form. 
• The ferrite volume fraction of each specimen increases with an increase in cooling rate, 
because the austenite formation from retained ferrite may not have sufficient time to form. A 
higher nitrogen concentration also affects the decreased ferrite volume fraction of CN71. The 
wear property of CN66 with heat treated at fast cooling shows the highest wear resistance, and 
this finding is consistent with the hardening mechanism, due to increased ferrite volume fraction. 
• The interstitial solid solution could increase the strength of the material through expansion 
of the lattice. To investigate the lattice expansion of HISSs, the lattice parameters of HISSs with 
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various conditions were calculated by two types of method. The lattice parameter of water 
quenched CN71 increased to 0.042 Å, compared to that of slow cooling (as-cast CN71), and 
0.022 Å from that of lower C + N concentration (water-quenched CN66). The trend of the results 
was consistent with calculation from the Rietveld refinement method. 
• In order to investigate the precipitates on the surface of the steels, the chemical bonding of 
chromium was investigated. The different amount of CrN to obtain superior wear resistance was 
detected on each specimen at various conditions. As the amount of CrN bonding increased, the 
wear resistance also increased; for example, the highest wear resistance (smallest weight loss, 
1.0318 g) belongs to the specimen (water-quenched CN66) containing the highest value of the 
CrN fraction (43.58 %). The as-cast CN71 has 0% of CrN and the lowest value of wear abrasive 
resistance, 1.1998 g (the highest value of weight loss in the present study). 
 
5.4 Corrosion Resistance of HISSs 
 
• Heat treating research has showed that this processing step greatly improves the properties 
of the alloys in the present study. Work showed that heating-treating temperatures in the range 
of 1,050 and 1,180 °C are also necessary to produce an alloy with the desired physical properties 
and resistance to attack by sour acid gas. The work also showed that it is important to cool the 
alloy quickly after heat treating. In this case, samples are removed from the 1,180 deg. Celsius 
furnace and are cooled rapidly in water. Under these conditions, the metal components are 
uniformly distributed throughout the alloy. 
• The alloys were subjected to tests to determine their resistance to attack from sour acid gas. 
In this work, the alloy was placed in a solution of salt water in a vessel that contained sour acid 
gas. The samples remain in this vessel for 30 or 40 days at 120ºC. The combination of sour acid 
gas, salt water, and high temperature has the potential to severely attack most metals. The present 
work showed that the alloys developed in the present study effectively resist attack by sour acid 
gas and salt water under these conditions. The heat-treated alloys CN71HT1050-3W and 
CN71HT1180-3W produced in the present study have a corrosion resistance in saline solutions 
that is as high as that of the benchmark alloys. 
• These measurements show that the corrosion pitting potential of the CN71HT1180-3W in 
sodium chloride solution is the highest among the benchmark alloys. This result shows that the 
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CN71HT1180-3W alloy resists corrosion well when under high temperature and high pressure 
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